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Abstract
Forage-based ruminant diets supplemented with condensed tannins or polyphenoliccontaining legumes may alter nitrogen (N) metabolism in the animal and reduce gas emissions
from soil receiving excreta. The objective of the study was to determine if soil receiving urine or
manure from sheep fed forage diets supplemented with condensed tannin or polyphenoliccontaining legumes would decrease N gas emissions. Two field trials were conducted: in the first
trial, sheep were fed alfalfa (Medicago sativa L.) silage diets supplemented with 0, 9, 18, or 27%
sericea lespedeza (Lespedeza cuneate [Dumont de Courset] G. Don) (n = 4). In the second trial
sheep were fed alfalfa silage diets supplemented with 0, 9, 18, or 27% of lablab (Lablab
purpureus L.) (n = 4), and urine and feces were collected for 5 and 7 days, respectively. Four
urine and manure treatments in both trials 1 and 2 were applied to 1-m2 tall fescue (Lolium
arundinaceum [Schreb.] Darbysh) plots (approximately 60 or 50 g N m-2, respectively) at 38 °C
on November 6th, 2018 and April 19th, 2019, respectively, in Fayetteville, AR. Urea served as a
positive control and unfertilized plots served as the negative control (10 treatments, n = 4).
Ammonia (NH3) was trapped using a modified acid-trap method and measured colorimetrically
to calculate volatilization over 43 days. Gas samples were collected in the field following the
GRACEnet protocol and measured by gas chromatography in order to calculate carbon dioxide
(CO2) and nitrous oxide (N2O) fluxes over 42 days. In both trials, the CO2 and NH3 emissions
were relatively large initially. While the magnitude of the CO2 flux was numerically greater in
April (spring) than in November (fall), the greatest CO2 flux occurred on day 0 immediately after
treatment applications to soil in both experiments. Similarly, NH3 volatilization was rapid
initially and lessened within several days of treatment application to the soil surface. Percent of
applied N lost from soil N treatments for NH3 ranged from 15.1 to 34.4% in the first experiment

in the fall and ranged from 6.1 to 23.9% in the second experiment in the spring. While NH3
volatilization was rapid, N2O fluxes were small throughout the duration of the, whereas, in the
spring, N2O fluxes occurred after an increase in soil temperature and decrease in soil moisture in
relatively wet soil. Percent of applied N lost from soil N treatments for N2O ranged from less
than 0 to 0.12% in the fall to 0.2 to 2.9% in the spring, respectively. No effect of diet
supplementation on N gas emissions from soil was detected in either trial of this study. Further
investigation into the effects of soil application of excreta from ruminants fed supplemented diets
on nutrient leaching through the soil profile, microbial community composition, and soil
structure should be performed. Alternative diet supplementation strategies on N allocation in the
ruminant should be assessed including use of condensed tannin and polyphenolic extracts, larger
concentrations of condensed tannins and polyphenolic compounds, and other types of
polyphenolic compounds.
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CHAPTER I
Introduction
Ruminant animals are a source of protein for humans that contain essential amino acids
for human growth and nutrition, and are able to convert human inedible plants into edible meat
protein (Wyness, 2016; Mottet et al., 2017). From 2015 to 2019, beef production and
consumption in the United States (US) increased 14.8 and 9.3% (USDA, 2019), respectively, and
an increase in ruminant production will result in an increase in manure production. Ruminants
are inefficient in nitrogen (N) utilization, and approximately 70-95% of N consumed is excreted
in the waste (Selbie et al., 2015). The majority of N in urine is in the form of urea (Bristow el al.,
1992), and a single urination event can create what is known as a “urine patch” equating to 500
kg N ha-1 or 1000 kg N ha-1 from sheep or cattle, respectively (Di and Cameron, 2002). The large
amounts of urea N added to the soil following an excretion event can be transformed into various
compounds in the soil and result in N losses from the soil.
Excreta N following application to soil can be lost as ammonia (NH3), nitrate (NO3-),
nitric oxide (NO), nitrous oxide (N2O) or dinitrogen gas (N2), and decrease the sustainability of
the pasture system. Urea hydrolysis into NH3 and carbon dioxide (CO2) is a rapid process where
Li et al. (2014) reported 57-80% of total volatilization from cattle manure occurred within the
first 5 days. Up to 20.8 and 4.3% of applied urine and fecal N, respectively, can be lost as NH3
and deposited in local water systems leading to eutrophic events and negatively impacting
aquatic life (Burkart and James, 1999; Lessa et al., 2014). Cardenas et al. (2016) reported N2O
losses from applied urine and fecal N were 2.96 and 0.39%, respectively, which can contribute to
global warming as N2O is considered a powerful greenhouse gas 265 times more powerful than
CO2 (IPCC, 2014). Nitrous oxide production from denitrification is controlled primarily by
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water-filled pore space (WFPS) and N2O production from ruminant urine occurs maximally at
65% WFPS (van Groenigen et al., 2005). Both NH3 and N2O production as a result of ruminant
excretion are considered a loss of N from the pasture, decreasing the sustainability of the pasture
and contributing to environmental degradation.
Research for mitigation of N losses from ruminant excreta has become increasingly
important in order to preserve the environment. Diet supplementation is one such mitigation
strategy particularly through the use of condensed tannins (CT), which have been shown to alter
N metabolism in the ruminant (Wang et al., 1996). Condensed tannins are a group of
polyphenolic compounds (PC) able to form complexes with protein in the rumen and reduce
protein degradation in the rumen resulting in a decrease in urine N, and an increase in fecal N
(Mueller-Harvey, 2006; Patra and Saxena, 2011). The reduction in urine N, thus a reduction of
urea N, and subsequent increase in fecal N can theoretically decrease the potential for NH3 and
N2O loss from soil. The larger carbon-to-N ratio in feces compared to urine would require
mineralization prior to volatilization, nitrification, and denitrification processes to occur, slowing
the loss of N from the pasture (Zhu et al., 2020). Powell et al. (2011) and Duval et al. (2016)
reported a decrease in NH3 and N2O, respectively, from ruminant excreta through diet
supplementation with CT. The overall goal of this thesis is to investigate methods to improve the
sustainability of pasture systems and decrease negative environmental impacts through the use of
CT and PC-containing legumes as forage diet supplements.
Objectives
1) To determine in-situ CO2 and N2O emissions for 42 days from pasture soil after application of
manure and urine from ruminants fed alfalfa forage diets modified with increasing proportion of
CT or PC-containing legumes.
2

2) To determine in-situ NH3 emissions for 43 days from pasture soil after application of manure
and urine from ruminants fed alfalfa forage diets modified with increasing proportion of CT or
PC-containing legumes.
Hypothesis:
i) Modification of animal diet will alter N metabolism in the ruminant such that GHG and NH3
emissions will be reduced from soil receiving urine and manure slurry from ruminants fed alfalfa
forage diets supplemented with increasing proportions of the CT-containing legume sericea
lespedeza compared to application of urine or manure to soil from ruminants fed an alfalfa
forage-based diet or urea.
ii) Modification of animal diet will alter N metabolism in the ruminant such that GHG and NH3
emissions will be reduced from soil receiving urine and manure slurry from ruminants fed alfalfa
forage diets supplemented with increasing proportions of the PC-containing legume lablab
compared to application of urine or manure to soil from ruminants fed an alfalfa forage-based
diet or urea.
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CHAPTER II
Literature Review
Livestock Production
Beef and veal production has increased from 10.8 million metric tons (MMT) in 2015 to
12.4 MMT in 2019, a 14.8% increase in the United States (US) (USDA, 2019). The increases in
livestock production, specifically beef and veal, have resulted from an increase in animal protein
consumption in the US. From 2015 to 2019, beef and veal consumption increased in the US by
9.3% (USDA, 2019). In beef production, all beef spends roughly two-thirds of its life in a foragebased production system, and there are two types of diets cattle can experience before being
harvested: grain-fed and grass-fed (Felix et al., 2018). Approximately 95% of beef produced in
the US is grain-fed, a process in which cattle are raised on a pasture grazing forages before being
sent to a feedlot for the remaining 25 to 30% of their life (Felix et al., 2018). As cattle age, their
ability to convert feed into muscle diminishes. In the feedlot, the cattle are fed grains, which
allow the cattle to maintain greater growth rates later in their lives compared to forages due to
the grains’ greater energy content (Felix et al., 2018). This improves meat quality at the time of
harvest and provides a better product for a livestock producer. Cattle that have remained on a
pasture or are fed forages for the entirety of their lives are referred to as “grass-fed” cattle
(NAMI, 2015).
Beef for human consumption is a rich source of protein that contains the nine essential
amino acids for adults, 10 essential amino acids for children, haem iron, a form of iron that is
efficiently absorbed into the bloodstream, zinc, phosphorus, magnesium, vitamin A, vitamin D,
and B vitamins (Wyness, 2016). Livestock grazing converts human inedible plant protein into
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high-quality meat at a low cost; it is estimated that 86% of dry matter feed consumed by
livestock globally is currently inedible for humans (Mottet et al., 2017). Ruminant animals are
essentially a protein conversion mechanism that allows humans to obtain protein from an
inaccessible source, plants.
Forage Production
Range and pasturelands are widely variable and open areas of land that provide forages
for livestock grazing in the form of grasses, legumes, shrubs, or a mixture of species (NRCS,
n.d.). Of the lower 48 states in the US, privately owned range and pasturelands account for 26%
or 2.4 x 106 km2 of total land area (Lubowski et al., 2006). The climate will usually dictate which
forages grow, for example, warm-season versus cool-season forages. A cool-season plant, also
known as a C3 plant that uses the enzyme ribulose bisphosphate carboxylase to fix C from
photosynthesis, grows optimally in air temperatures of 18.3 to 23.9 °C, and initiates its growth at
a soil temperature range of 4.4 to 7.2 °C (Forage, 2019).
In the US, most pastures consist of C3 forages that are also seeded with legumes to
provide nitrogen (N) to the grasses, both of which act as protein sources for livestock (NRCS,
n.d.). Legumes provide N because they have bacteria that live symbiotically within the root in
nodules and perform biological N fixation, providing the plant with ammonium N (NH4+-N), for
example the bacterial species Rhizobium (Bernhard, 2010). Warm-season forages are C4 plants,
grow optimally in air temperatures from 32.2 to 35 °C, and begin to grow when soil temperatures
reach 15.5 to 18.3 °C (Forage, 2019). A C3 plant has greater protein content and has loose
bundles of mesophyll cells, which are more easily digested in the rumen; whereas, a C4 plant is
lower in protein content, contains tightly bundled mesophyll cells, and contains more indigestible
plant fiber (Akin, 1989). The morphological differences between C3 and C4 plants impact rumen
7

digestibility, nutrient absorption, and animal performance, and need to be considered when
choosing the right forage to graze livestock.
Growth and management of forages are important for forage quality and animal
performance. Climate, time of planting, time of harvest, and mode of storage are all factors that
affect forage quality. Quality forage is 65% digestible, contains 14 to 18% crude protein, and
20% water-soluble carbohydrates, and a cattle average daily gain is in the range of 0.9 to 1.13 kg
(Felix et al., 2018). Alfalfa (Medicago sativa L.) is a commonly grown C3 that has a greater
photosynthesis rate than other C3 plants due to the large protein content in its leaves and can
produce over 2017 kg of protein ha-1 yr-1 (Foster et al., 2009; Forage, 2019). Crude protein
content in early bloom alfalfa may range from 16 to 20% with over 70% of total digestible
protein and can contain 12 to 15% crude fiber (Foster et al., 2009).
The excreta from livestock, manure, is a mixture of fecal matter and urine that provides
nutrients to soil. The type of manure applied and the concentrations of its contents depend on a
variety of factors, such as type of animal, age of animal, diet, and method of manure processing
(Havlin et al., 1999); however, up to 70 to 95% of N consumed by ruminants is excreted in waste
(Selbie et al., 2015). The N from feces and urine can be redistributed unequally in a pasture due
to preferential animal movement and areas preferred by animals can receive an excess of N in the
soil from livestock manure (Butler et al., 2003). A cow’s urination event is estimated to cover
0.5-0.7 m2 and occur between 10 and 12 times per day equating to 1000 kg N ha-1 per excretion
event (Jarvis et al., 1995; Di and Cameron, 2002). Sheep produce urine equating to a smaller
concentration of N (500 kg ha-1 per excretion event) than cattle due to their smaller bladder size
(Di and Cameron, 2002). Localized areas in pasture soils receiving an excess amount of N have
been referred to as “urine patches”.
8

Nitrogen Cycle
Nitrogen is the most abundant molecule in the atmosphere, and is an essential plant
element required for protein synthesis and genetic replication. Microorganisms cycle N through
multiple forms, including the conversion of N from atmospheric dinitrogen (N₂) to inorganic
NH4+-N, which is incorporated into compounds that facilitate cellular growth in a process called
N₂ fixation. Ammonium N released from organic forms can be oxidized to nitrate during
nitrification. Nitrogen is principally in the inorganic form nitrate (NO₃ֿ) or NH4+ when taken up
by plants. Nitrate has several fates in the soil, including reduction back to N₂ under anaerobic
conditions, through production of other forms of N at intermediate steps during the overall
process. The vast majority of soil microorganisms releasing inorganic N are present in the
rhizosphere, the area of soil surrounding plant roots, and some of the intermediate N compounds
produced during denitrification, as well as nitrification, are released into the atmosphere as gases
(Brady and Weil, 2008). The conversion of N through its various forms, and the movement of N
through the soil and atmosphere is known as the N cycle.
Nitrogen Fixation
The primary processes in the terrestrial N cycle are N fixation, nitrification,
denitrification, mineralization, ammonification, immobilization, and leaching. The rates of each
of these processes are dependent upon microbial enzymatic activity and are influenced by soil
factors such as pH, moisture content, and temperature. Nitrogen fixation is a process in the N
cycle, where microorganisms convert N₂ into ammonia (NH₃). The microorganisms performing
N fixation can live freely in soil or in close relationships with other microorganisms or plant
roots. There are many species of microorganisms that can perform N₂ fixation, and each species’
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genome encodes a similar enzyme complex called nitrogenase that facilitates the conversion of
N₂ to NH₃, which is ionized to NH4+ and taken up by plants (Stein and Klotz, 2016).
Nitrogenase, and consequently NH3 production, is sensitive to oxygen, and activity occurs
maximally in anaerobic conditions at a neutral pH (Buresh et al., 1980). In agricultural systems,
50-70 Tg N are produced annually, and it is estimated that 12-25 Tg N are produced annually in
forage production systems by soil microorganisms performing N2 fixation (Herridge et al., 2008;
Fowler et al., 2013). In comparison, the Haber-Bosch process, an anthropogenic source of N,
fixes 120 Tg N annually and it is estimated that 48% of the global human population relies upon
synthetic N fertilizers for food (Erisman et al., 2008; Fowler et al., 2013).
Mineralization and Immobilization
The use of organic soil amendments, for example livestock manure, as a fertilizer is a
common practice to increase soil N around the globe, but organic compounds must be broken
down and inorganic N released (mineralized) for N to be incorporated into plant tissues. Fecal
matter consists primarily of carbon (C), 397.2 to 422.7 g C kg-1 by dry matter (DM), and N, 11.8
to 18.1 g N kg-1 by DM, bound in organic compounds that are less readily available for plant
uptake until decomposed and N is released by microorganisms through mineralization (Jarvis et
al., 1995; Zhu et al., 2020). Urine N is mainly in the form of urea, which can be broken down by
ureolytic microorganisms or by extracellular urease existing in soil and converted into inorganic
N (McCarty et al., 1989).
Increased enzymatic activity is correlated with increased soil temperature within an
appropriate range and, as a result, increases the rate of mineralization and available soil N
(Dessureault-Rompré et al., 2010). The addition of inorganic N fertilizers can suppress the
mineralization of soil organic matter, as microorganisms use readily available N as opposed to
10

obtaining N released from organic matter (Mahal et al., 2019). The process of inorganic N being
taken up by organisms and incorporated into organic compounds is immobilization and increases
soil N retention (Brady and Weil, 2008). When a soil organism dies and decomposes the N can
be mineralized and reused by other soil organisms. The retention of N is critical to the
sustainability of soil. In contrast, when the rates of fertilization and mineralization are greater
than the rate of immobilization, there will be an excess of inorganic N in the soil, which can
potentially have negative environmental impacts. In the case of livestock production, pasture
systems can have a large excess of soil N due to the excretion events of livestock in localized
areas due to preferential animal movement and the resulting urine patches produced.
Ammonia Volatilization
Pasture soils, where livestock urine and manure is left on the field, can result in
conditions conducive for NH3 volatilization. Lopez et al. (1998) collected the urine of Merino
sheep (Ovis aries) and Alpine goats (Capra aegagrus hircus) fed an alfalfa diet and
colorimetrically determined the average urine urea-N concentration to be 6.1 and 11.4 g L-1,
respectively. In a meta-analysis performed by Selbie et al. (2015), the average total N
concentration in the urine of dairy cattle was 8.2 g L-1, and the average urea-N concentration in
urine was 6.0 g L-1, or 73% of total urine N, with smaller proportions of other N-based
compounds that can contribute to NH3 volatilization.
One important reaction following the introduction of urine N to the soil that results in
NH3 production is the hydrolysis of urea, either by ureolytic microorganisms or by extracellular
urease enzymes, which produce NH4+, NH3, and OH- ions, and the proportion of NH4+ to NH3 is
determined by the pH of the soil solution (Cameron et al., 2013). Soils with an alkaline pH
promote the dissociation of NH4+ to NH3 and H2O, and result in significant amounts of NH3
11

volatilization (Cameron et al., 2013). The average loss of ruminant (dairy, cattle, beef, and
sheep) urine N applied to soil from NH3 volatilization was 12.9% (n = 59) with a range of 1 to
38% (Selbie et al., 2015). Li et al. (2014) applied fresh manure from dairy cattle to plots in a
pasture and monitored NH3 volatilization rates across three seasons: spring, summer, and fall.
There were no differences between volatilization rates across the seasons; instead Li et al. (2014)
proposed that NH3 volatilization rates are dependent upon a complex interaction of soil water
content and soil temperature at the time of application.
It was reported that 57 to 80% of total NH3 volatilization occurred within the first 5 days
of each seasonal trial, and the greatest rates of volatilization occurred within 24 hours of
application (Li et al., 2014). The rapid rate of NH3 volatilization was also reported in a study of
swine manure, where 69% of applied N volatized into NH3 within 24 hours of application
(Sharpe and Harper, 1997). An active microbial community at the soil surface, due to a large
source of C and N from manure, would increase the amount of urea N hydrolyzed into NH4+ to
contribute to NH3 volatilization (Zaman et al., 2004).
In a process known as N deposition, NH3 gas is deposited back to the surrounding
ecosystems resulting in a net loss of N from the site of origination and a gain, potentially
resulting in N imbalance, in the sites of deposition (Burkhart and James, 1999). Nitrogen
deposited in water systems ranging from the local scale, such as small farm ponds, to the
continental scale, such as the Mississippi River Basin, can result in eutrophication. A fate of NH3
that remains in the soil is to become substrate for nitrification.
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Nitrification
Nitrification is an aerobic process that consists of two sub-processes: 1) the oxidation of
NH₃ to nitrite (NO₂ֿ), and 2) the oxidation of NO2- to NO₃-. The key ammonia-oxidizing bacteria
in the first sub-process of nitrification are the genera Nitrosomonas, Nitrosospira, and
Nitrosococcus, and the key nitrite-oxidizing microorganisms in the second sub-process of
nitrification are Nitrospira, Nitrobacter, and Nitrococcus (Bernhard, 2010). Each of the subprocesses of nitrification is facilitated by multiple oxidizing enzyme complexes, and NH₃ must
be converted to NO₃ֿ in order for complete nitrification to have occurred (Bernhard, 2010).
The genes that encode a subunit of the ammonia monooxygenase enzyme (amoA), the
enzyme responsible for the first sub-process of nitrification, have been found in soil archaea
populations; however, the role of archaea in the N cycle is not well understood (Di et al., 2009,
Leininger et al., 2006). Leininger et al. (2006) compared the archaeal-to-bacterial gene copies of
amoA in 12 soils with textures consisting of sandy, sandy loam, and silty clay loam across
Europe and showed that archaeal amoA gene copies were up to 3,000 times more abundant than
bacterial amoA genes. Specifically in pasture soils, archaeal amoA gene copies were 1.5 times
greater than bacterial amoA gene copies, and the results of the study indicate that crenarchaeota
(archaea) may be the most abundant terrestrial ammonia-oxidizing organisms on Earth
(Leininger et al., 2006). A study by Di et al. (2009) determined that archaeal amoA gene copies
were greater than bacterial amoA gene copies in four out of six pasture soils in New Zealand,
and the ratio of archaeal amoA-to-bacterial amoA gene copies ranged from 0.2 to 10.7. Upon the
addition of an ammonia substrate, it was determined that neither archaeal abundance nor activity
was impacted, whereas bacterial abundance and activity increased by 3.2 to 10.4 times and 177
times, respectively (Di et al., 2009). Both studies of archaea agree that ammonia-oxidizing
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archaea are abundant in soil, but the impact of archaea on the nitrification rates of soil is still up
for debate.
Hoyle et al. (2006) showed that the rate of nitrification increases linearly with
temperature between 5-40 °C. The NO₃ֿ produced can be immobilized, contribute to the
denitrification N pool, or leach out of the soil profile (Brady and Weil, 2008). Livestock manure,
specifically urine, applied to soil can result in excess NO3- from nitrification that leaches into the
groundwater and becomes a contaminant, another loss of N from soil. The average loss of NO3due to leaching across 22 experiments was 20% of total N applied with a range of 1 to 76%
(Selbie et al., 2015). The three primary mechanisms for soluble N movement in soil are
convection, diffusion, and hydrodynamic dispersion, and can be influenced by soil moisture,
solute concentrations, and soil porosity (Selbie et al., 2015).
Nitrate in the groundwater can enter tributaries and move to larger bodies of water,
providing excess amounts of N to aquatic flora and microflora. This process is known as
eutrophication and results in algal blooms, and the subsequent decomposition of algae can result
in zones of hypoxia. The largest zone of hypoxia, defined as a volume of water with less than 2
parts per million (ppm) of dissolved oxygen (Bruckner, 2018), in the US is in the Gulf of Mexico
at the delta of the Mississippi River Basin (MRB) and spans roughly 20,277 km² (NOAA, 2019).
Denitrification
Denitrification converts the product of nitrification, NO₃ֿ, into gaseous compounds that
return N to the atmosphere, primarily as N2 (Stein and Klotz, 2016). The process of
denitrification is anaerobic and is carried out by bacteria through a series of enzymatic reductionoxidation reactions (Bernhard, 2010). Gaseous, intermediate forms of N are produced, such as
nitric oxide (NO) and nitrous oxide (N₂O), which contribute 5 and 13 Tg N, respectively, from
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soils into the atmosphere annually (Ganzeveld et al., 2002; Bernhard, 2010; Bouwman et al.,
2013). The main factor that determines the production of NO, N2O, or N2 is oxygen, and when
aerobic conditions in soil become anaerobic, the activities of denitrifying reductases are
impacted (Smith and Tiedje, 1979; Knowles, 1982). The NO3- and NO2- reductases become more
active before the N2O reductase does and, as a result, the major product is N2O; after
approximately 1 to 2 days, the N2O reductase activity increases and N2 becomes the major
product (Smith and Tiedje, 1979; Knowles, 1982).
In tilled soils, denitrification occurs rapidly at soil water contents greater than 60% waterfilled pore space and temperature between 27-38 °C (Linn and Doran, 1984). In a study
performed by van Groenigen et al. (2005), N2O emissions from ruminant urine applied to soil
were 1.7% (n = 31 studies) of total N. A similar value, 2.1% of total N applied with a range 014% (n = 40), was reported by Selbie et al. (2015). The application of urine to soil increases N
availability, which has been shown to increase pH and soluble C in soil, and increases N2O
production from soil (Monaghan and Barraclough, 1993).
Greenhouse Gases (GHG) in Agricultural Systems
Infrared energy from the sun reflected off the Earth induces vibrational energy in
atmospheric gas molecules that is emitted back into the atmosphere as infrared energy. Oxygen
(O2) and N2 make up the majority of the atmosphere, about 21 and 78%, respectively, and are
simple diatomic molecules held together by a double and triple bond, respectively. The atoms in
O2 and N2 molecules that vibrate toward and away from each other absorb and reemit negligible
amounts of infrared energy (UCAR, 2012). In comparison, carbon dioxide (CO2), methane
(CH4), and N2O are complex molecules with multiple atoms vibrating in various directions that
absorb more infrared energy as vibrational energy, and reemit infrared energy (UCAR, 2012).
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Specifically, agricultural sources of three major GHG (CO₂, CH₄, and N₂O) account for about
one-fifth of the annual increase in global atmospheric GHG concentrations and have contributed
to increased global temperatures (Cole et al., 1997; IPCC, 2007).
The World Meteorological Organization’s 2019 estimates for atmospheric GHG
concentrations for CO2, CH4, and N2O are 407.8 ppm, 1869 parts per billion (ppb), and 331.1
ppb, respectively. Carbon dioxide is the most abundant GHG and commonly receives the most
attention in the media; however, the International Panel of Climate Change (IPCC) developed the
global warming potential (GWP) scale that compares the infrared energy trapping ability of each
GHG (USEPA, 2018). The technical definition of GWP is the ratio of the accumulated radiative
force within a specific timeframe (100 years) caused by emitting 1 kg of the gas, relative to that
of CO2 (IPCC, 2014). Carbon dioxide has a GWP of 1, CH4 has a GWP of 28, and N2O has a
GWP of 265, making N2O the most powerful GHG (IPCC, 2014). The GWP values have been
utilized by the USEPA (2018) to determine CO2 equivalents (eq.) of each GHG in MMT in order
to compare emissions among industries.
In the US, total gross GHG emissions increased from 6,356 MMT CO2 eq. in 1990 to
6,511 MMT CO2 eq. in 2016, a 2.4% increase (USEPA, 2018). The average annual surface
temperature of the contiguous US from 1990-2016 has increased 2.6% from 11.9 to 12.7 ºC
(NOAA, 2017). The GHG emissions and annual temperature trends indicate that there is a
correlation between atmospheric GHG concentrations and air temperature rise, a phenomena
known as global climate change. In 2016, agricultural soil management in the US accounted for
76.7% of total N₂O emissions, 283.6 MMT CO2 eq., and this represented a 13.2% increase from
1990 (USEPA, 2018). Manure management in the US in 2016 produced 4.9% of N2O, 18.1
MMT CO2 eq., which equated to a 29.6% increase from 1990 (USEPA, 2018).
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Methane is another potent GHG and a by-product of livestock production systems.
Enteric fermentation is the digestive process in which microorganisms living in the rumen of
livestock break down carbohydrates into simple molecules, which are absorbed into the
bloodstream. In 2016, in the US, enteric fermentation produced 170.1 MMT CO2 eq., 25.9% of
total CH4 emissions, and was a 3.2% increase from 1990 (USEPA, 2018). Methane produced
from manure management accounted for 10.3% of total CH4 emissions, 67.7 MMT CO2 eq., and
was an 82.2% increase from 1990 (USEPA, 2018). The total N2O and CH4 emissions from
agricultural soil and manure management and ruminant enteric fermentation equates to 539.5
MMT CO2 eq., which is more than the 523.8 MMT CO2 eq. produced from fossil fuels used to
power commercial and residential buildings (USEPA, 2018).
Polyphenolic Compounds (PC) and Condensed Tannin (CT) Effects on Manure Composition,
NH3 Volatilization, and GHG Production
Increasing global air temperatures and the adverse effects of climate change have spurred
research to identify for ways to reduce GHG emissions from livestock, specifically ruminant
animals. One potential way is through diet supplementation with PC. Polyphenolic compounds
are secondary metabolite produced in plants and over 8,000 PC have been identified (Pandey and
Rizvi, 2009). The chemical structure consists of a phenylalanine which can be bound to a variety
of other compounds and classified as different types of PCs (Pandey and Rizvi, 2009). One such
PC group that has become a topic of interest is tannin and its ability to bind to protein.
Condensed tannins are a diverse group of polyphenolic oligomers and polymers that exist
in forage legumes and some have the ability to bind to protein in the rumen of livestock
(Mueller-Harvey, 2006). The tannin-protein complex that is formed reduces the amount of
protein that is digested in the rumen and increases the amount of protein available to be digested
17

in the small intestine (Wang et al., 1996). Ruminant livestock that have tannins incorporated in
their diet tend to excrete less urinary N and more fecal N (Mueller-Harvey, 2006).
Condensed tannins from the forages sainfoin (Onobrychis viciifolia S.) and birdsfoot
trefoil (Lotus corniculatus L.) were shown to reduce protein degradation and urinary N (0.478 to
0.370 g g-1 N intake) excretion, but increase fecal N (0.224 to 0.336 g g-1 N intake) and improve
nutrient utilization through increased intake and increased passage rate in sheep (Wang et al.,
1996; Theodoridou et al., 2010). In a laboratory experiment performed by Powell et al. (2011),
two concentrations of crude protein, low (15.5% by dry matter (DM)) and high (16.8% by DM),
were fed to lactating dairy cows and were supplemented with no-tannin extracts (0% by DM),
low-tannin extracts (0.45% by DM), medium-tannin extracts (0.9% by DM), and high-tannin
extracts (1.8% by DM), and slurry was collected. The slurry was applied to a chamber containing
fine-silty and fine-loamy soils to measure NH3 emissions; the NH3 emissions from the hightannin slurry were 28 to 49% lower than the emissions from the no-tannin slurry (Powell et al.,
2011). Powell et al. (2011) indicated that the experiment would need to be replicated at the field
level for a longer duration of time to determine the effectiveness of feeding tannin extracts to
dairy cows on reducing NH3 emissions and impact on soil N cycling.
Another study examined the ability of condensed tannins from sericea lespedeza
(Lespedeza cuneate [Dumont de Courset] G. Don) to mitigate ruminal CH4 emissions in goats.
The control treatment diet consisted of alfalfa, 50% dry hay, and 50% commercially available
dehydrated pellets and the sericea lespedeza diet consisted of 50% ground sericea lespedeza hay
produced in Central Arkansas and 50% commercially available sericea lespedeza dehydrated
pellets (Liu et al., 2018). The alfalfa and sericea lespedeza diet treatments resulted in -0.03 and
9.0% CT concentration by dry matter, respectively, and in CH4 emissions of 1.36 and 0.76 MJ d18

1

, respectively (Liu et al., 2018). The NH3-N concentrations in the ruminal fluid were 75.3 and

73.8 mg L-1, respectively, and the blood plasma urea-N concentrations were 146 and 113 mg Lfor the alfalfa and sericea lespedeza diet treatments, respectively (Liu et al., 2018). An alfalfa
diet fed to sheep supplemented with increasing proportions of sericea lespedeza (0, 10, 20, 40%
by dry matter) decreased urinary N from 27.5, 24.8, 23.0, to 18.3 g N d-1, respectively, and
increased fecal N from 9.4, 11.0, 12.4, to 15.8 g N d-1, respectively (Kronberg et al., 2018). The
urine urea-N concentrations decreased as the proportion of sericea lespedeza-to-alfalfa in the diet
increased (Kronberg et al., 2018). It was hypothesized that a reduction in urine N and an increase
in fecal N can reduce N2O emissions from manure due to less reactive N in the urine; however,
there is little to no information regarding the effects of condensed tannins in sericea lespedeza on
N2O production from manure.
Lablab (Lablab purpureus L.) is another forage that has a large CT concentration, 16.9 g
kg-1 DM, but is much less studied than sericea lespedeza or other polyphenolic containing
forages (Mupangwa et al., 2000). Washaya et al. (2018) compared CH4 emissions from goats fed
a commercial lamb and ewe pellet diet to a diet of 71% lablab on a DM basis and determined
that CH4 emissions were significantly decreased due to the large tannin and phenolic
concentration of lablab. There have been few studies to determine the effect of lablab on GHG
production and manure composition, but it is another legume forage with the potential to
increase sustainable N-use in pasture systems.
References
Akin, D. E., 1989. Histological and physical factors affecting digestibility of forages. Agronomy
Journal 81, 17-25. doi:10.2134/agronj1989.00021962008100010004x
Bernhard, A., 2010. The nitrogen cycle: processes, players, and human impact. Nature
Education Knowledge 3, 25.
19

Bouwman, A.F., Beusen, A.H.W., Griffioen, J., Van Groenigen, J.W., Hefting, M.M., Oenema,
O., Van Puijenbroek, P.J.T.M., Seitzinger, S., Slomp, C.P., Stehfest, E., 2013. Global
trends and uncertainties in terrestrial denitrification and N₂O emissions. Philosophical
Transactions of the Royal Society of London. Series B, Biological Sciences 368,
20130112. doi:10.1098/rstb.2013.0112
Brady, N.C., and Weil, R.R., 2008. The nature and properties of soils. 14th ed. Pearson
Education Inc., Upper Saddle River, NJ.
Bruckner, M. 2018. The Gulf of Mexico dead zone. Available at
https://serc.carleton.edu/microbelife/topics/deadzone/index.html (Accessed January,
2019)
Buresh, R.J., Casselman, M.E., Patrick, W.H., 1980. Nitrogen fixation in flooded soil systems,
a review, in: Brady, N.C.B.T.-A. in A. (Ed.), . Academic Press, pp. 149–192.
doi:https://doi.org/10.1016/S0065-2113(08)60166-2
Burkart, M.R., James, D.E., 1999. Agricultural-nitrogen contributions to hypoxia in the Gulf of
Mexico. Journal of Environmental Quality 28, 850–859.
doi:10.2134/jeq1999.00472425002800030016x
Butler, L., Cropper, J., Johnson, R., Norman, A., Peacock, G., Shaver, P., Spaeth, K., Pierson, F.,
Weltz, M., 2003. National Range and Pasture Handbook. Fort Worth.
Cameron, K.C., Di, H.J., Moir, J.L., 2013. Nitrogen losses from the soil/plant system: a review.
Annals of Applied Biology 162, 145–173. doi:10.1111/aab.12014
Cole, C. V, Duxbury, J., Freney, J., Heinemeyer, O., Minami, K., Mosier, A., Paustian, K.,
Rosenberg, N., Sampson, N., Sauerbeck, D., Zhao, Q., 1997. Global estimates of
potential mitigation of greenhouse gas emissions by agriculture. Nutrient Cycling in
Agroecosystems 49, 221–228. doi:10.1023/A:1009731711346
Dessureault-Rompré, J., Zebarth, B.J., Georgallas, A., Burton, D.L., Grant, C.A., Drury, C.F.,
2010. Temperature dependence of soil nitrogen mineralization rate: Comparison of
mathematical models, reference temperatures and origin of the soils. Geoderma 157, 97–
108. doi:https://doi.org/10.1016/j.geoderma.2010.04.001
Di, H.J., Cameron, K.C., 2002. Nitrate leaching in temperate agroecosystems: sources, factors
and mitigating strategies. Nutrient Cycling in Agroecosystems 64, 237–256.
doi:http://dx.doi.org/10.1023/A:1021471531188
Di, H.J., Cameron, K.C., Shen, J.P., Winefield, C.S., O’callaghan, M., Bowatte, S., He, J.Z.,
2009. Nitrification driven by bacteria and not archaea in nitrogen-rich grassland soils.
Nature Geoscience 2, 621–624. doi:http://dx.doi.org/10.1038/ngeo613

20

Erisman, J.W., Sutton, M.A., Galloway, J., Klimont, Z., Winiwarter, W., 2008. How a century of
ammonia synthesis changed the world. Nature Geoscience 1, 636.
doi:https://doi.org/10.1038/ngeo325
Felix, T., Williamson, J., Hartman, D., 2018. Grass-fed beef production. Penn State
Extension. Available at https://extension.psu.edu/grass-fed-beef-production (Accessed
July, 2019)
Forage Information System. 2019. Differentiate warm-season from cool-season grasses. Oregon
State University. Available at
https://forages.oregonstate.edu/nfgc/eo/onlineforagecurriculum/instructormaterials/availa
bletopics/grasses/differentiate (Accessed July, 2019)
Foster, S. McCuin, G., Nelson, D., Schultz, B., and Torell, R. 2009. Alfalfa for beef cows.
University of Nevada Cooperative Extension. Available at
https://extension.unr.edu/publication.aspx?PubID=2228 (Accessed March, 2020)
Fowler, D., Coyle, M., Skiba, U., Sutton, M.A., Cape, J.N., Reis, S., Sheppard, L.J., Jenkins, A.,
Grizzetti, B., Galloway, J.N., Vitousek, P., Leach, A., Bouwman, A.F., Butterbach-Bahl,
K., Dentener, F., Stevenson, D., Amann, M., Voss, M., 2013. The global nitrogen cycle
in the twenty-first century. Philosophical Transactions of the Royal Society B: Biological
Sciences 368. doi: https://doi.org/10.5194/acp-15-13849-2015
Ganzeveld, L.N., Lelieveld, J., Dentener, F.J., Krol, M.C., Bouwman, A.J., Roelofs, G.-J., 2002.
Global soil-biogenic NOx emissions and the role of canopy processes. Journal of
Geophysical Research: Atmospheres 107, ACH 9-1-ACH 9-17.
doi:10.1029/2001JD001289
Herridge, D.F., Peoples, M.B., Boddey, R.M., 2008. Global inputs of biological nitrogen fixation
in agricultural systems. Plant and Soil 311, 1–18. doi:10.1007/s11104-008-9668-3
Hoyle, F.C., Murphy, D. V, Fillery, I.R.P., 2006. Temperature and stubble management
influence microbial CO2–C evolution and gross N transformation rates. Soil Biology and
Biochemistry 38, 71–80. doi:https://doi.org/10.1016/j.soilbio.2005.04.020
Intergovernmental Panel on Climate Change (IPCC), 2007. Climate Change 2007: Synthesis
Report. Contribution of Working Groups I, II and III to the Fourth Assessment Report of
the Intergovernmental Panel on Climate Change [Core Writing Team, Pachauri, R.K and
Reisinger, A. (eds.)]. IPCC, Geneva, Switzerland, 104 pp.
Intergovernmental Panel on Climate Change (IPCC), 2014. Climate Change 2014: Synthesis
Report. Contribution of Working Groups I, II and III to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change [Core Writing Team, R.K. Pachauri and
L.A. Meyer (eds.)]. IPCC, Geneva, Switzerland, 151 pp.

21

Jarvis, S.C., Scholefield, D., Pain, B., 1995. Nitrogen cycling in grazing systems. In: Bacon P.E.
(ed.), Nitrogen Fertilization in the Environment. Marcel Dekker, New York, pp. 381–419.
Knowles, R., 1982. Denitrification. Microbiological reviews. 46(1):43–70.
Kronberg, S.L., Zeller, W.E., Waghorn, G.C., Grabber, J.H., Terrill, T.H., Liebig, M.A., 2018.
Effects of feeding Lespedeza cuneata pellets with Medicago sativa hay to sheep:
Nutritional impact, characterization and degradation of condensed tannin during
digestion. Animal Feed Science and Technology 245, 41–47.
doi:https://doi.org/10.1016/j.anifeedsci.2018.08.011
Leininger, S., Urich, T., Schloter, M., Schwark, L., Qi, J., Nicol, G.W., Prosser, J.I., Schuster,
S.C., Schleper, C., 2006. Archaea predominate among ammonia-oxidizing prokaryotes in
soils. Nature 442, 806–809. doi:10.1038/nature04983
Li, J., Shi, Y., Luo, J., Houlbrooke, D., Ledgard, S., Ghani, A., Lindsey, S., 2014. Effects of
form of effluent, season and urease inhibitor on ammonia volatilization from dairy farm
effluent applied to pasture. Journal of Soils and Sediments 14, 1341–1349.
doi:http://dx.doi.org/10.1007/s11368-014-0887-3
Linn, D.M., Doran, J.W., 1984. Effect of water-filled pore space on carbon dioxide and nitrous
oxide production in tilled and nontilled soils. Soil Science Society of America
Journal. doi:10.2136/sssaj1984.03615995004800060013x
Liu, H., Puchala, R., LeShure, S., Gipson, T.A., Flythe, M.D., Goetsch, A.L., 2018. Effects of
lespedeza condensed tannins alone or with monensin, soybean oil, and coconut oil on
feed intake, growth, digestion, ruminal methane emission, and heat energy by yearling
Alpine doelings. Journal of Animal Science 97, 885–899. doi:10.1093/jas/sky452
López, S., Llamazares, E., González, J.S., 1998. Determination of ammonia nitrogen in the urine
of small ruminants. Journal of the Science of Food and Agriculture 78, 95–101.
doi:10.1002/(SICI)1097-0010(199809)78:1<95::AID-JSFA91>3.0.CO;2-O
Lubowski, R.N., Vesterby, M., Bucholtz, S., Baez, A., Roberts, M.J., 2006. Major uses of land
in the U.S. Economic Information Bulletin 14. USDA-ERS, Washington, DC
Mahal, N.K., Osterholz, W.R., Miguez, F.E., Poffenbarger, H.J., Sawyer, J.E., Olk, D.C.,
Archontoulis, S. V, Castellano, M.J., 2019. Nitrogen fertilizer suppresses mineralization
of soil organic matter in maize agroecosystems. Frontiers in Ecology and Evolution 7,
59. doi: https://doi.org/10.3389/fevo.2019.00059
McCarty, G.W., Bremner, J.M., Chai, H.S., 1989. Effect of N-(n-butyl) thiophosphoric triamide
on hydrolysis of urea by plant, microbial, and soil urease. Biology and Fertility of Soils 8,
123–127. doi:10.1007/BF00257755

22

Monaghan, R.M., Barraclough, D., 1993. Nitrous oxide and dinitrogen emissions from urineaffected soil under controlled conditions. Plant and Soil 151, 127–138.
doi:10.1007/BF00010793
Mottet, A., De haan, C., Falcucci, A., Tempio, G., Opio, C., Gerber, P.J., 2017. Livestock: On
our plates or eating at our table? A new analysis of the feed/food debate. Global Food
Security. doi:10.1016/j.gfs.2017.01.001
Mueller-Harvey, I., 2006. Unravelling the conundrum of tannins in animal nutrition and health.
Journal of the Science of Food and Agriculture 86, 2010–2037. doi:10.1002/jsfa.2577
Mupangwa, J.F., Acamovic, T., Topps, J.H., Ngongoni, N.T., Hamudikuwanda, H., 2000.
Content of soluble and bound condensed tannins of three tropical herbaceous forage
legumes. Animal Feed Science and Technology 83, 139–144.
doi:https://doi.org/10.1016/S0377-8401(99)00117-0
National Oceanic and Atmospheric Administration (NOAA), 2017. State of the climate: national
climate report for annual 2016. National Centers for Environmental Information.
Available at https://www.ncdc.noaa.gov/sotc/national/201613 (Accessed June, 2019)
National Oceanic and Atmospheric Administration (NOAA), 2019. NOAA forecasts very large
'dead zone' for Gulf of Mexico. Available at https://www.noaa.gov/media-release/noaaforecasts-very-large-dead-zone-for-gulf-of-mexico (Accessed June, 2019)
North American Meat Institute (NAMI), 2015. Corn-fed versus grass-fed beef. North American
Meat Institute: Fact Sheet. Washington, D.C. Available at
https://www.meatinstitute.org/index.php?ht=a/GetDocumentAction/i/93607 (Accessed
January, 2019)
Natural Resources Conservation Service (NRCS). n.d.. Pasture resources. United States
Department of Agriculture. Available at from
https://www.nrcs.usda.gov/wps/portal/nrcs/main/national/landuse/rangepasture/pasture/
(Accessed July, 2019)
Pandey, K.B., Rizvi, S.I., 2009. Plant polyphenols as dietary antioxidants in human health and
disease. Oxidative Medicine and Cellular Longevity 2, 270–278.
doi:10.4161/oxim.2.5.9498
Powell, J.M., Aguerre, M.J., Wattiaux, M.A., 2011. Dietary crude protein and tannin impact
dairy manure chemistry and ammonia emissions from incubated soils. Journal of
Environmental Quality 40, 1767–1774. doi:10.2134/jeq2011.0085
Selbie, D.R., Buckthought, L.E., Shepherd, M.A., 2015. Chapter four- the challenge of the urine
patch for managing nitrogen in grazed pasture systems. Advances in Agronomy 129, 229292. doi:10.1016/bs.agron.2014.09.004

23

Sharpe, R.R., Harper, L.A., 1997. Ammonia and nitrous oxide emissions from sprinkler
irrigation applications of swine effluent. Journal of Environmental Quality 26, 1703–
1706. doi:10.2134/jeq1997.00472425002600060034x
Smith, M. S., and J. M. Tiedje. 1979. Phases of denitrification following oxygen depletion in
soil. Soil Biology and Biochemistry 11, 261-267.
Stein, L.Y., Klotz, M.G., 2016. The nitrogen cycle. Current Biology 26, R94–R98.
doi:10.1016/j.cub.2015.12.021
Theodoridou, K., Aufrère, J., Andueza, D., Pourrat, J., Le Morvan, A., Stringano, E., MuellerHarvey, I., Baumont, R., 2010. Effects of condensed tannins in fresh sainfoin
(Onobrychis viciifolia) on in vivo and in situ digestion in sheep. Animal Feed Science
and Technology 160, 23–38. doi:https://doi.org/10.1016/j.anifeedsci.2010.06.007
University Corporation for Atmospheric Research (UCAR). 2012. Molecules vibrate. Available
at https://scied.ucar.edu/molecular-vibration-modes (Accessed January, 2019)
United States Department of Agriculture (USDA), 2019. Livestock and poultry: world markets
and trade. United States Department of Agriculture. Available at
https://apps.fas.usda.gov/psdonline/circulars/livestock_poultry.pdf (Accessed June, 2019)
United States Environmental Protection Agency (USEPA), 2018. Greenhouse Gas Emissions and
Sinks: 1990–2016. EPA 430-R-18-003. USEPA. Available at
https://www.epa.gov/sites/production/files/2019-04/documents/us-ghg-inventory-2019main-text.pdf
van Groenigen, J.W., Kuikman, P.J., de Groot, W.J.M., Velthof, G.L., 2005. Nitrous oxide
emission from urine-treated soil as influenced by urine composition and soil physical
conditions. Soil Biology and Biochemistry 37, 463–473.
doi:https://doi.org/10.1016/j.soilbio.2004.08.009
Wang, Y., Waghorn, G.C., McNabb, W.C., Barry, T.N., Hedley, M.J., Shelton, I.D., 1996. Effect
of condensed tannins in Lotus corniculatus upon the digestion of methionine and cysteine
in the small intestine of sheep. The Journal of Agricultural Science 127, 413–421. doi:
10.1017/S0021859600078576
Washaya, S., Mupangwa, J., Muchenje, V., 2018. Chemical composition of Lablab purpureus
and Vigna unguiculata and their subsequent effects on methane production in Xhosa lopeared goats. South African Journal of Animal Science 48, 445–458. doi:
10.4314/sajas.v48i3.5
World Meteorological Organization (WMO), 2019. The state of greenhouse gases in the
atmosphere based on global observations through 2018. Available at
https://library.wmo.int/doc_num.php?explnum_id=10100 (Accessed March, 2020)

24

Wyness, L., 2016. The role of red meat in the diet: nutrition and health benefits. The Proceedings
of the Nutrition Society 75, 227–232. doi:http://dx.doi.org/10.1017/S0029665115004267
Zaman, M., Matsushima, M., Chang, S.X., Inubushi, K., Nguyen, L., Goto, S., Kaneko, F.,
Yoneyama, T., 2004. Nitrogen mineralization, N2O production and soil microbiological
properties as affected by long-term applications of sewage sludge composts. Biology and
Fertility of Soils 40, 101–109. doi:10.1007/s00374-004-0746-2
Zhu, Y., Merbold, L., Leitner, S., Xia, L., Pelster, D.E., Diaz-Pines, E., Abwanda, S., Mutuo,
P.M., Butterbach-Bahl, K., 2020. Influence of soil properties on N2O and CO2 emissions
from excreta deposited on tropical pastures in Kenya. Soil Biology and Biochemistry
140, 107636. doi:https://doi.org/10.1016/j.soilbio.2019.107636

25

CHAPTER III
Ammonia volatilization and greenhouse gas emissions from soil amended with excreta from
ruminants offered sericea lespedeza and alfalfa diets
Park1, S., Savin1, M. C., Philipp2, D., Niyigena2, V., Coffey2, K., Brye1, K., Rhein2, R. T.,
Pruden2, M. C.
1

Division of Agriculture, University of Arkansas, Department of Crop, Soil, and Environmental

Sciences, Fayetteville, AR,
2

Division of Agriculture, University of Arkansas, Department of Animal Science, Fayetteville,

AR

26

Abstract
Forage-based ruminant diets supplemented with condensed tannin (CT)-containing
legumes may alter nitrogen (N) metabolism in the animal and reduce gas emissions from soil
receiving animal excreta. The objective of the study was to determine if soil receiving urine or
manure slurry from sheep (Ovis aries) fed supplemented diets would decrease N gas emissions.
Sheep were offered alfalfa (Medicago sativa L.) silage diets with 0, 9, 18, or 27% sericea
lespedeza (Lespedeza cuneate [Dumont de Courset] G. Don) (n = 4). Urine and feces were
collected separately from each sheep for 5 days, combined across animal and day within dietary
treatment. Urine and manure (feces and urine) from each of four dietary treatments were applied
on a mass of N basis to 1-m2 tall fescue (Lolium arundinaceum [Schreb.] Darbysh) plots in
Fayetteville, AR on November 6, 2018. Urea served as a positive control and unfertilized plots
served as the negative control (10 treatments, n = 4). Ammonia (NH3) was trapped using a
modified acid-trap method and measured colorimetrically to calculate volatilization over 43
days. Gas samples were collected in the field following the GRACEnet protocol and measured
by gas chromatography in order to calculate carbon dioxide (CO2) and nitrous oxide (N2O)
fluxes over 42 days. The CO2 and NH3 emissions were relatively large initially (day 0 and 3,
respectively). Average percentages of total NH3 that volatilized through day 3 from urine and
manure treatments were 59.6 and 80.8 %, respectively, and the range of average day 0 CO2
fluxes from excreta treatments were 1123 to 2072 mg m-2 hr-1. Average total NH3 volatilized
from urea, urine and manure treatments was 9068, 15021, and 13382 mg m-2, respectively.
Percent of applied N lost from soil N treatments for NH3 and N2O ranged from 15.1 to 34.4%
and less than 0 to 0.12%, respectively. While NH3 volatilization was rapid, N2O fluxes were
small for the duration of the trial. No effect of diet supplementation on N gas emissions from soil
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was detected in this study. Ammonia emissions were comparable to emissions reported from
other plot studies following application in warmer seasons, and were large immediately
following application to soil. Nitrous oxide fluxes appeared to be limited by the abiotic
conditions that occur during the late autumn in Northwest Arkansas and thus should be evaluated
during warmer and wetter seasons to determine if any effect of diet supplementation with CT
occurred. It also would be beneficial to further investigate the effect of diet supplementation and
subsequent excreta application on N retention and leaching within the soil profile.
Introduction
The global population is predicted to rise from 7.7 to 9.7 billion people from 2019 to
2050 (UN, 2019), and in the United States (US) the population is predicted to grow by 79 million
from 2017 to 2060 (Vespa et al., 2020). From 2015 to 2019, beef production and consumption
increased by 14.8 and 9.4%, respectively, and as production increases so will the amount of
manure produced (USDA, 2019). Cattle raised for beef consumption spends roughly two thirds
of their lives grazing forages where it is estimated that 86% of the forages are inedible to
humans, essentially making beef a protein conversion system from human inedible plants into
edible meat protein (Mottet et al., 2017). Beef is a rich source of protein that provides essential
amino acids for human nutrition (Wyness, 2016), but beef production uses many natural
resources and can have negative environmental impacts.
Beef cattle graze in pastures and eat forages such as grasses, legumes, and shrubs for
energy. Forage and pasture lands account for more than two thirds of agriculture land and 26%
of total land in the US (Lubowski et al., 2006). The management of pasturelands and forages are
important to provide quality forage to animals, which subsequently will impact animal
performance while maintaining the sustainability of the pasture. Alfalfa (Medicago sativa L.) is a
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commonly-grown legume forage that contains large amounts of highly digestible protein and can
produce over 2017 kg protein ha-1 yr-1 (Foster et al., 2009; Forage, 2019). Legumes are beneficial
to pasturelands due to their ability to perform biological nitrogen (N) fixation that can provide
plants with N and reduce the need for fertilization, thus increasing the sustainability of the
pasture system (Bernhard, 2010).
Nitrogen cycling in pasture systems is influenced by ruminant grazing and can lead to N
losses from the soil. Up to 70 to 95% of N consumed by ruminants can be excreted in the waste
(Selbie et al., 2015), and an area in a pasture that receives large amount of excreta is referred to
as a “urine patch” that can equate to 1000 and 500 kg N ha-1 for cattle and sheep, respectively, in
that small area (Di and Cameron, 2002). The form of N in urine is primarily urea, up to 73%,
which can be transformed in the soil and lost as ammonia (NH3), nitrate (NO3-), nitrous oxide
(N2O), or dinitrogen gas (N2) (Selbie et al., 2015).
Ammonia volatilization as a result of urea hydrolysis into NH3 and carbon dioxide (CO2)
by the urease enzyme can result in a loss of 20.8 and 4.3% of N as NH3 from cattle urine and
dung, respectively (Lessa et al., 2014). Loss of NH3 from excreta is a rapid process that can
result in negative environmental effects such as acidification, eutrophication and subsequent
zones of hypoxia in local water systems (Burkart and James, 1999; Li et al., 2014). Soil pH is an
important factor influencing NH3 volatilization, and high soil pH can promote the dissociation of
NH4+ to NH3 and water, which increases NH3 emission from soil (Cameron et al., 2013).
Nitrogen lost as N2O can result in losses of 2.96 and 0.39% of applied urine and feces,
respectively (Cardenas et al., 2016). Nitrous oxide is a powerful greenhouse gas (GHG) that is
265 times more powerful than CO2, contributes to global warming and poses a serious threat to
the environment (IPCC, 2014). Denitrification is the primary process influencing N2O
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production and occurs under anaerobic soil conditions (Bernhard, 2010). Van Groenigen et al.
(2005) reported that loss of N as N2O occurs maximally at water-filled pore space (WFPS) of
65%, and that WFPS is the main soil factor controlling N2O production. The loss of N as NH3
and N2O from the pasture system can reduce the sustainability of the soil and cause negative
environmental impacts. Compounded with increasing meat production, manure production
causes a greater need for mitigation strategies to be developed.
A mitigation strategy that has become a topic of research is the supplementation of
condensed tannins (CT) to forage diets. Condensed tannins have the ability to bind to protein in
the rumen and shift the site of N metabolism in the animal by reducing protein degradation in the
rumen and increasing amino acids in post ruminal flow (Waghorn et al., 1994; Patra and Saxena,
2011; Coblentz and Grabber, 2013). This can reduce the amount of urine N and subsequent urea
N, and increase the amount of fecal N (Mueller-Harvey, 2006), which can improve animal
performance and decrease loss of N from urine following soil application (Wang et al., 1996;
Powell et al., 2011). Fecal N produces less NH3 and N2O than urine N (Lessa et al., 2014:
Cardoso et al., 2019), and diet supplementation with CT has shown to decrease NH3
volatilization from urine (Powell et al., 2011). By shifting urine N to fecal N, the mitigation of
gaseous N losses from ruminant manure seems possible through the use of CT supplementation
to forage diets, but need to be further investigated due to differences in methodologies and
implementation to date (Naumann et al., 2017).
In this experiment, alfalfa was supplemented with a high-CT-containing legume, sericea
lespedeza (Lespedeza cuneate [Dumont de Courset] G. Don), in an effort to reduce gaseous N
losses from urine and manure slurry (feces + urine) applied to pasture soil. Pasture systems are
utilized year-round and while forage production may decrease in cooler seasons, microbial
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activity and soil processes still occur. Soil treatments were applied to pasture soil in Northwest
Arkansas to evaluate NH3 and GHG fluxes from excreta and urea under weather conditions
characteristic of late fall including cooler temperatures and less vegetative growth. The
objectives of the study were to 1) determine in-situ CO2 and N2O emissions and 2) determine insitu NH3 emissions for 42 and 43 days, respectively, from pasture soil after application of
manure and urine from ruminants fed alfalfa forage diets modified with increasing proportions of
the CT-containing legume sericea lespedeza. It was hypothesized that modification of animal
diet would alter N metabolism in the ruminant such that GHG and NH3 emissions from soil
receiving urine and manure would be reduced from ruminants fed alfalfa forage diets
supplemented with increasing proportions of the CT-containing legume sericea lespedeza
compared to application of urine or manure to soil from ruminants fed an alfalfa forage-based
diet alone or compared to urea application to soil.
Materials and Methods
Plot establishment and experimental design
A plot study was established at the University of Arkansas’ Milo J. Shult Agricultural
Research and Extension Center in Fayetteville, AR (36° N, 94° W) within a tall fescue (Lolium
arundinaceum [Schreb.] Darbysh) pasture that had experienced cattle grazing in previous years.
The soil was a well-drained Pickwick silt loam (fine-silty, mixed, semiactive, thermic Typic
Paleudult) (NRCS-USDA, 2019). A 1081-m2 area of pasture was isolated using an electric fence
to deter human and animal interference. Forty, 1-m² plots were established within the fenced area
using 1-m long by 1-m wide by 0.25-m deep metal borders, with 0.05-m aboveground and 0.20m buried in the soil. Plots were established in a 4 x 10 grid pattern, leaving 3-m between each
plot and 5-m between the outermost plots and the electric fence.
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Plot borders were installed September 19 and 20, 2018 using a trencher (Vermeer model
RTX130, Pella, IA) that excavated to an approximate soil depth of 20 cm at an area that included
an extra 2-3-cm length on each side. Flat metal spades were used to shave the soil monoliths to
the desired 1-m² area. Plot borders were placed on the soil surface and driven into the soil over
the exposed soil monolith creating a tight fit of the plot border to the exposed soil profile.
Excavated soil was replaced into the trench outside of the metal borders and tamped down to
secure the metal borders and reduce macropore water flow outside of the plot.
Three polyvinyl chloride pipes (PVC) were installed in each plot as described in
appropriate sections below: one for resin capture of leached nitrate (NO3-) and ammonium
(NH4+) (carried out for a related research project, but not pursued here), one for greenhouse gas
(GHG) (CO2 and N2O) collection, and one for ammonia (NH3) gas collection (Figure 1). The
experiment included treatments of urine and manure slurries obtained from sheep fed alfalfa
silage containing 0%, or approximately 9, 18, or 27% sericea lespedeza legume (dry matter
basis), urea as a positive control, or no addition as a negative control (Table 1). Treatments were
replicated four times (n = 4) and were applied on November 6th, 2018 to tall fescue plots in a
randomized block design where each row of plots served as a block (Figure 2). The GHG
emissions and NH3 volatilization from the soil surface were captured for up to 43 days until
termination of the experiment on December 18, 2018.
The ruminant used in this study as a model organism was a female Dorper-hybrid (Ovis
aries) sheep. Sixteen sheep were housed indoors in individual pens and offered one of four
randomly assigned treatment diets for ad libitum consumption (n = 4): alfalfa silage with
increasing proportions (0%, approximately 9%, 18%, or 27%) by dry matter (DM) content, of a
tannin and polyphenolic compound-containing legume forage, sericea lespedeza. The sericea hay
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contained 168 g kg-1 DM basis of tannin and the proportion of alfalfa to sericea lespedeza were
mixed in an effort to provide 15, 30, and 45 g kg-1 tannin for the 9, 18, and 27% dietary
treatments, respectively (Table 1).
Each treatment was fed to sheep for a 14-d acclimation period and 5-d excretion
collection period. Feces and urine were collected separately from each sheep during the
collection period, and a subsample of urine and feces from each sheep was tested for N
concentration. Total feces were gathered from screens beneath the pens twice daily, and total
urine was collected directly into plastic containers submerged in ice packs which were replaced
every 8 hr. The samples of urine and feces collected from each sheep were stored separately and
frozen at -20 °C. The day before plot application, samples were thawed in sealed plastic bags
inside the barn at the ambient air temperature (16.7 °C). Feces and urine of the same dietary
treatment were mixed separately in 208-L drums. For each plot, urine amounts were calculated to
apply each excreta to plots at a rate equivalent to 60 g N m-2 to mimic the amount of N in a sheep
excretion event, 500 kg N ha-1 (Di and Cameron, 2002). The manure (mixture of urine and feces)
amounts were applied in amounts resulting in rates of 50.7, 40.7, 44.7 and 45.4 g N m-2 for the 0,
9, 18, and 27%-SL diets, respectively.
In an effort to ensure the soil within the plot borders remained undisturbed, the installed
measurement cores were not removed from soil for application of soil treatments. Urine, manure,
and urea were measured into separate, sealed plastic containers for each core in order to apply an
amount (on an N basis) proportional to the surface area that the core encompassed within the
plot. Allocated samples were sealed and stored in a barn at the ambient air temperature overnight
prior to soil application. Respective allocated samples were applied separately to NH3, GHG,
leaching cores, and the remaining plot area outside cores within each individual plot.
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Urea was used as a positive control and was applied at a rate of 60 g N m-2. Prior to
application, the urea was dissolved in a mass of water equivalent to the average mass of urine
treatments applied per plot. For the negative control, there was no addition in order to simulate
the natural field processes.
On the morning of application day, each sealed plastic container containing urine,
manure, urea solution or water was heated to 38 °C in a forced-air oven to mimic an excretion
event of a ruminant animal. Upon reaching 38 °C, the urine, urea, or manure treatment in each
container were applied immediately to the corresponding area (NH3 core, GHG chamber,
leaching core, or rest of plot) within a plot.
Ammonia Collection Procedure
Ammonia gas was trapped in a semi-open, static-chamber system utilized by Dempsey et
al. (2017). The method used a 60-cm long by 14-cm diameter acrylic plastic chamber installed
10 cm into the soil outfitted with 2.54-cm thick by 14-cm diameter bio-based polyurethane foam
sorbers (Fairfield Processing, Danbury, CT) soaked in 20 mL of 0.73-M phosphoric acid (H3PO4)
and 33% glycerol solution. Two soaked sorbers were placed in each chamber - one sorber was
placed 15 cm below the top of the chamber to trap NH3 gas emitted from the soil as NH4+ and the
other sorber was placed at the top of each chamber to prevent contamination from atmospheric
NH3 gas. A wooden block was notched and fitted to the top of the NH3 chamber in order for a
white, 18.2-L (5-gal) bucket to be placed on the wooden block to allow for airflow and protect
the chambers from precipitation. The white color of the bucket absorbs the least infrared energy
and was used to reduce unnatural increases in temperature in the chamber.
On the day of treatment application, day 0 of the trial, solution-soaked sorbers were
installed into the chambers immediately following the application of heated urine, manure, or
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urea. The sorbers were replaced with fresh solution-soaked sorbers on day 3, 7, 14, 22, 29, 36
and 43 of the trial. On each day of sampling, the top sorbers were discarded, and the lower
sorbers were placed into quart-sized plastic bags and extracted the same day. To extract, 100 mL
of 2-M potassium chloride (KCl) were added to each plastic bag containing a sorber, shaken by
hand until saturated, and left to soak for 24-hr. To extract, the sorbers were hand-squeezed until
no more liquid could be extracted into the plastic bag. A 50-mL aliquot of the solution in the
plastic bag was transferred to a 50-mL centrifuge tube, acidified with 3-M hydrochloric acid
(HCl), and refrigerated at 4 °C for storage until analysis. Samples were gravity filtered through
90-mm-diameter Whatman 42 (Buckinghamshire, UK) filter paper. Ammonium-N was measured
colorimetrically on a Skalar segmented-flow autoanalyzer (Skalar Inc, Norcross, GA) using the
salicylate hypochlorite procedure (Mulvaney, 1996). The sample NH4+ concentrations were
reported as mg L-1 and converted to mg NH3 m-2 d-1 using the following equation:
NH3 flux (mg m-2 d-1) = {[NH4+] * (Va * DF)} / {SA * t}

(1)

where [NH4+] is concentration of NH4+ in mg L-1 and was assumed to be all of the volatized NH3
reduced to NH4+, Va is volume of acid the sorber was initially soaked in (0.02 L), DF is the
dilution factor of 1:6 which is the ratio of sample volume (0.02 L) to total extraction volume
(0.12 L), SA is surface area of NH3 chamber (0.015 m2), and t is time the sorber spent in the NH3
chamber (d).
GHG Collection Procedure
Greenhouse gases were collected by a method similar to Rogers et al. (2014), using a
PVC-chamber built following the GRACEnet protocol (Parkin and Venterea, 2010). The
GRACEnet protocol was followed with the following modifications for this experiment provided
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below. The GHG samples were collected in 20-mL glass vials that were capped using stainless
steel caps (20-mm ASMB mag seal PTFE Butyl, Thermo Fisher Scientific, Waltham, MA). Each
morning prior to sampling, each vial was evacuated to remove any gases that may have been
present in each vial. To remove any previous gas, the vials were evacuated using a vacuum pump
set to -152 kPa for 60 seconds, flushed with N2 gas to 276 kPa for 15 seconds, and the process
was repeated and then each vial was evacuated to -152 kPa for 60 seconds.
Three evacuated vials, for times 0, 30, and 60-min, and a 20-mL syringe (Beckton
Dickinson, Franklin Lakes, New Jersey) were sorted into a labeled plastic bag and placed at each
plot on the day of sampling. Immediately after treatment application, the Day 0, 0-min gas
measurement was collected, beginning with plot one and progressing sequentially through plot
40. Gas samples were collected on days 0, 1, 3, 5, 21, 28, 35, and 42. At roughly 11:00 AM each
sampling day, the chamber lid (10-cm long by 30-cm diameter) was placed on top of the anchor
(15-cm long by 30-cm diameter, buried 5-cm into soil) of the first plot and sealed and the time 0min gas sample was collected. The surface area (SA) of the capped chamber was 0.071 m2, and
the volume (V) of the capped chamber was 14.14 L. Gases were collected by puncturing the
septum of the chamber lid with the syringe’s needle (0.5 x 25-mm, Beckton Dickinson, Franklin
Lakes, New Jersey), drawing in a 20-mL sample, and transferring the sample to the evacuated,
20-mL sample vial. This process was repeated until 20 chamber lids were placed on the anchors
of plots 1-20. The described gas sampling procedure was repeated for the 30 and 60-min gas
sample collections. Immediately after the 60-min sample, the chamber lid at the plot was
removed to allow for plant photosynthesis and respiration to return to normal. The GHG
standards (300, 500, 1000 ppm CO2 and 0.1, 0.5, 1, 2, 5 ppm N2O) were collected in the field to
mimic the temperature and pressure of the GHG samples. After the gas standards were collected,
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the first chamber lid was placed on plot 21 and the time 0-min gas sample was collected. The
sampling procedure described above was repeated for the time 0, 30, and 60-min gas samples for
plots 21-40.
Upon completing GHG sampling, all sample and standard vials were placed cap down in
a cardboard carrying container and returned to the laboratory. A second set of GHG standards
(300, 500, 1000 ppm CO2 and 0.1, 0.5, 1, 2, 5 ppm N2O) were collected in the laboratory
immediately before analysis for CO2 and N2O concentration on a Shimadzu gas chromatograph
(GC-2014, ATFSPL 115V, Japan). Greenhouse gas fluxes were determined using a linear model
(R > 0.98) fitting a standard curve developed from the standards collected in the field and
laboratory and according to calculations provided in the GRACEnet protocol to present flux in
units of mg hr-1 m-2.
Soil Properties
Soil temperature and moisture were monitored continuously for 42 days using a data
logger (CR10X wiring panel, Campbell Scientific Inc., Utah). One thermocouple and volumetric
water content reflectometer were each installed horizontally into undisturbed soil at a 5-cm depth
into a total of four plots: one each receiving 1) negative control, 2) 9%-sericea lespedeza (SL)
urine, 3) 27%-SL manure, 4) 18%-SL manure. Atmospheric data were collected hourly using a
data logger (CR1000x wiring panel, Campbell Scientific Inc., Utah) located in the northwest
corner of the University of Arkansas’ Milo J. Shult Agricultural Research and Extension Center
in Fayetteville, AR.
Soil samples were obtained from 0-5-cm depth interval on day 0 of the trial the evening
following soil treatment application. One soil sample was obtained randomly from the area of the
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plot within the borders excluding the measuring cores, immediately stored on ice and frozen at 80 °C in the laboratory until analysis. To determine pH and electrical conductivity (EC), 2.5-g of
soil were removed from the 0-5-cm soil samples and diluted with 5 mL of milliQ H2O to perform
a pH1:2 and EC1:2 method. Bulk density (Bd) cores were obtained from each plot on April 19,
2019 with core dimensions of 6-cm diameter by 5-cm height, and were used to calculate waterfilled pore space (WFPS) for each plot.
Data analysis
Total NH3, N2O, and CO2 were calculated by assuming the flux obtained on a day was
constant from the time midpoint of the sample day previous and the sample day following. The
amount of time that occurred in each interval from the midpoint of the previous sample date to
the midpoint of the following sample day was multiplied by the flux obtained on the sampling
day to determine emissions. The emissions during each interval were summed to obtain the total
and ignored diurnal flux activity and temperature variations. Total NH3 and N2O were only
statistically compared between the negative control, urea, and urine treatments and excluded the
manure treatments due to unequal N application rates. A modification to the GRACEnet protocol
was that N2O fluxes were calculated if the corresponding CO2 flux had an R2 value greater than
0.66.
In order to determine WFPS per plot per day, the daily moisture was calculated by taking
the average of the four moisture values. The daily WFPS was calculated using the following
equation:
WFPS = (VWC / (1-(Bd / 2.65)) * 100

(2)
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where VWC was in decimal fraction units, Bd was the measured bulk density of the plot in g cm3

, and 2.65 was the assumed particle density value in g cm-3.
Statistical analyses were performed using R version 3.6.2. Linear regressions to

determine the relationship between soil temperature and water-filled pore space with gas fluxes
were performed. Treatment differences per day for NH3 volatilization, GHG fluxes, soil pH,
WFPS, and EC were compared using Tukey’s multiple comparison and all differences were
determined at an alpha value of 0.05. In the results and discussion a difference between
treatments indicates a P  0.05 and no difference indicates a P > 0.05. In order to compare daily
NH3 and N2O fluxes for N soil treatments, fluxes were calculated on an amount of N gas evolved
per gram of applied N per unit time. Unless noted otherwise in the text, values are presented as
the average (± standard error).
Results
Animal excreta
The supplementation of sericea lespedeza (SL) to sheep diets had no effect on the total
mass of urine or feces produced, or the percent of urine N excreted, but did affect percent fecal N
excreted (Table 3). The percent fecal N from the 0%-SL diet did not differ from the 18%-SL
diet, but was greater than the percent fecal N from the 9%-SL and 27%-SL diets. There were no
differences in percent fecal N among the 9, 18, 27%-SL diets.
Soil Properties
The average soil pH following treatment application ranged from 5.77 to 7.09, and did
not differ among soil treatments (Table 4). Soil bulk density was similar among all soil
treatments, and the range of average bulk density was 1.47 to 1.63 g cm-3. In contrast, soil EC
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differed following application of treatments. The 0%-SL urine treatment had a greater soil EC
than all manure treatments and the negative control, and did not differ from all other urine and
urea treatments. All other soil treatments’ EC values, with the exception of the 0%-SL urine
treatment, did not differ from each other.
Ammonia Volatilization
The total NH3-N volatilized over the 43-d trial did not differ between the urea and all
urine treatments, which were all greater than the negative control (Table 5). Statistical analysis
was not performed to compare the urea and urine treatments to manure treatments because of
unequal N application rate between the manure and urine treatments, but the ranges of the
average total NH3-N emitted overlapped between the urine and manure treatments, 13.5 to 16.5 g
NH3-N m-2 and 10.8 to 15.7 g NH3-N m-2, respectively.
The numerically largest NH3-N volatilization rates occurred on days 3 and 7 before
decreasing and remaining small for the remainder of the trial (Figure 3a, 3b). The concentration
of NH3-N emitted initially (through day 3), based on amount of N applied, did not differ among
manure treatments, or among the urine and urea treatments (Figure 4). The concentration of
NH3-N emitted initially (through day 3) from the 27%-SL manure treatment did not differ from
all urine treatments, and the 0, 9, and 18%-SL manure treatments emitted a greater initial NH3-N
concentration than the urine treatments. The range of average percent total NH3-N emitted
initially (through day 3) was 30.4 to 83.9% (Table 6). There were no differences in the percent
total NH3-N emitted initially among manure treatments, and there were no differences among
urine and urea treatments. The 0, 18 and 27%-SL manure treatments emitted a greater percent
total NH3-N initially than all urine and urea treatments. The percent total NH3-N emitted initially
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from the 9%-SL manure treatment did not differ from the 0%-SL urine and urea treatments. All
manure, urine, and urea treatments had a greater percent total NH3-N emitted during the initial
three days of the experiment compared to the negative control that did not have N applied to the
soil.
The range of average applied N lost as NH3-N for all treatments was 15.1 to 34.4%
(Table 6). There was no difference between percent applied N lost as NH3-N between all urine
and manure treatments. All urine treatments and the 27%-SL manure treatment did not differ
from urea in percent applied N lost as NH3-N, whereas the 0, 9, and 18%-SL manure treatments
had a greater percent applied N lost as NH3-N than urea.
Nitrous oxide
The N2O-N fluxes through the trial were small (<0.25 mg N2O-N m-2 hr-1) and
numerically comparable to the negative control, and were considered to be at the background
level of N2O flux that occurs within a pasture (Figure 5a, 5b). Both positive and negative N2O
fluxes were observed during the 42-day field plot experiment. There was no difference in total
N2O-N produced among urine, urea and negative control treatments (Table 5). The range of total
N2O-N emitted over the 42-d trial from the urine and urea treatments was 2.0 to 37.6 mg N2O-N
m-2 hr-1 (Table 5). The total N2O-N emitted from manure treatments was not statistically
compared to the urine and urea treatments because of unequal N application rate; however, the
numeric range of the average total N2O-N for the manure treatments was less than 0 to 51.4 mg
N2O-N m-2 hr-1.
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The average percent applied N lost as N2O-N ranged from less than 0 to 0.12% for all N
soil treatments (Table 6). There were no differences in percent applied N lost as N2O-N among
any soil treatments.
Carbon dioxide
There was an initial peak in CO2-C fluxes on day 0 before decreasing and remaining
small for the remainder of the trial (Figure 6a, 6b). The 0%-SL urine treatment day 0 CO2-C flux
was greater than the 18%-SL urine treatment, all manure treatments, and the urea treatment
(Figure 7). The 9, 27%-SL urine, and 18%-SL manure CO2-C fluxes on day 0 were greater than
the urea treatment. All urine and manure treatment CO2-C fluxes on day 0 were greater than the
negative control. There were no differences among any treatments in total CO2-C emitted over
the 42-day trial, and the range of average total CO2-C emitted was 59.6 to 85.0 g m-2 (Table 5).
Soil conditions
From day 0 to day 23 there was an overall numerical decrease in WFPS from 63.3 (± 1.2)
to 54.1 (± 1.0) %, respectively. On day 24 there was a maximum peak in WFPS, 75.4 (± 1.4) %.
The WFPS numerically decreased after day 24 but remained above 60% until day 35. A second
smaller rise in WFPS to 68.3 (± 1.3) % was observed on day 37, and WFPS remained above 60%
for the remainder of the trial. The minimum WFPS (51.7 ± 1.0 %) occurred on day 21, and
WFPS was less than 60% for 22 days out of the 42-day measurement period.
Soil temperature was variable throughout the trial and reached lows on days 7, 20, 28,
and 33, with the largest temperatures occurring on days 0, 10, 24, and 36 (Figure 8b). The
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maximum and minimum soil temperatures occurred on days 0 and 7 and were 11.6 °C and 2.4
°C, respectively.
There was no significant linear relationship between WFPS and N2O flux (P = 0.073, R2
= 0.007) or soil temperature and N2O flux (P = 0.212, R2 = 0.002) (Table 7). There was a
significant relationship between WFPS and CO2 flux (P = 0.005, R2 = 0.021), but the low R2
value indicated that the linear model was poor and did not explain much of the variability
between WFPS and CO2 flux. Soil temperature and CO2 flux were significantly related (P <
0.001, R2 = 0.441), and the model explained 44% of the variability between CO2 flux and soil
temperature (Table 7).
Discussion
Condensed tannin supplementation effects on excreta gas emissions
The evidence presented in this study indicates that diet supplementation with a high CTcontaining legume had no effect on cumulative NH3, N2O, or CO2 emissions from urine
treatments applied to soil. There was also no effect on percent applied N lost as NH3 or N2O from
soil amended with ruminant urine or manure due to dietary treatment. In a study performed by
Koenig et al. (2018), feedlot cattle were fed high-protein diets supplemented with CT extract.
Supplementation of the diet with CT reduced NH3-N produced per day and reduced percent NH3N emissions per N intake. Powell et al. (2011) measured NH3 emissions from urine applied to
incubated soil following diet supplementation with CT and also reported decreased NH3
emissions from urine from CT supplemented diets. Both aforementioned studies reported a
decrease in urine N and an increase in feces N, whereas, in the current study, there was no
decrease in urine N and subsequent increase in fecal N due to CT supplementation.
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The binding of CT to protein in the rumen is thought to be highly specific and
complicated by a number of variables, such as rumen pH, and protein and CT structure (Lorenz
et al., 2014; Perez-Gregorio et al., 2014). In the case of this study, there could have been CT and
protein in the rumen that did not form a complex and reallocate urine N to fecal N; however,
Kronberg et al. (2018) supplemented sericea lespedeza to alfalfa diets fed to sheep and reported a
decrease in urine N and increase in fecal N. The amount of sericea lespedeza used by Kronberg
et al. (2018) and this study were comparable, but the number of sheep per diet differed. In this
study, four sheep per diet were used with one collection period, whereas Kronberg et al. (2018)
used one sheep per diet over four acclimation and collection periods. This indicates that there
may have been variability in supplementation effects among sheep within diets in this study,
resulting in no appreciable decrease in urine N and increase in fecal N. The urine and manure
soil treatments used the combined urine and feces from one diet, and this could explain why
there was no decrease in gaseous N emissions following application of soil treatments due to diet
supplementation.
Gas emissions from ruminant urine versus manure
The amount of applied N lost as N2O did not differ among urine, manure, or urea
treatments, indicating that the form of N applied had no impact on the amount of N2O produced.
The amount of applied N lost as N2O was similar to the results of Allen et al. (1996), where no
differences were detected in N2O emissions between urine and dung; however, multiple studies
have reported that urine produces more N2O than feces (de Klein et al., 2003; van der Weerden
et al., 2011). Van der Weerden et al. (2011) reported losses for cattle urine and sheep dung as
0.29 and 0.04% of applied N, respectively, and attributed the lower dung emissions to low
mineral N content in the dung. This is consistent with the percent applied N lost as N2O from
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sheep manure in this trial, but greater than the percent lost from urine. Although the manure was
not analyzed for mineral N content, but only total N, there were no N2O peaks from either urine,
manure, or urea soil treatments, indicating that N2O fluxes may have been controlled more by
soil conditions rather than amendment type.
Typically, urine loses more N as NH3 than feces alone (Lessa et al., 2014; Fischer et al.
2016; Cardoso et al., 2019), where losses from urine and feces from the studies mentioned
ranged from 8.7 to 20.8% and 2.0 to 12.4% (excluding seasonal variability), respectively.
Cardoso et al. (2019) reported that loss values from beef cattle urine and urine + feces in the dry
season were similar, 14.2 and 11.5%, respectively, and a loss of 17.0% for urea. In this trial,
urine and feces were mixed together and applied as a manure slurry rather than feces alone, and
no differences in applied N lost as NH3 were measured between urine and manure treatments.
Addition of urine to feces may lower the carbon-to-nitrogen ratio, promoting mineralization and
providing substrate for urease enzymes to produce NH3 gas. There was no difference between
cumulative NH3 from the urine treatments and urea treatments, which could be expected due to
the large amount of urea N in urine, causing the treatments to undergo similar N transformations
after application to soil (Selbie et al., 2015). In an autumn application of urine to grassland soils,
Fischer et al. (2016) reported >80% NH3 loss from urine occurred within the first 3 days, which
were consistent results with the initial losses reported in this trial. The large initial losses indicate
that NH3 volatilization from urine, manure, and urea applied to soil is a rapid process. Three of
the four manure treatments emitted greater amounts of total NH3 within the first 3 days than the
urea and urine soil treatments, and thus the composition of the manure amendment may play a
role in initial NH3 volatilization.
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Similar to the large initial NH3 flux, a large initial CO2 flux following soil treatment
application was observed is consistent to observations made by Lin et al. (2009) where yak (Bos
grunniens) urine was applied to soil and large initial CO2 fluxes occurred. After day 5, all urine
and urea treatments decreased to background levels of CO2 flux. Despite greater initial fluxes
from urine treatments, there was no difference in cumulative CO2 among treatments. It appears
that application of soil treatment resulted in an initial difference in CO2 fluxes, but quickly
decreased to approximately normal amounts of microbial respiration in the pasture.
Soil conditions affecting gas emissions
Nitrous oxide fluxes from urine and dung application to soil have been reported to have
an initial peak flux before decreasing to background levels (Cardenas et al., 2016; Cardoso et al.,
2019); however, there was no initial peak observed in this trial. Negative N2O fluxes observed in
this trial have been observed in other reports following application of animal excreta (Allen et
al., 1996; Lessa et al., 2014; Cardoso et al., 2019). The majority of negative N2O fluxes observed
by Cardoso et al. (2019) occurred during the dry season, and were attributed to an interaction
between O2 concentration and soil moisture content. Nitrous oxide consumption in soil is a
poorly understood process, and more research is needed to understand the factors influencing
consumption.
The background levels of N2O detected from the urine and urea treatments, and relatively
small N2O fluxes from manure treatments, throughout the trial were most likely a result of low
soil temperatures and low WFPS. Nitrifiers, such as ammonia oxidizing archaea and bacteria,
which provide the terminal electron acceptors for denitrification, have maximal activity from 30
to 37 °C and 16 to 23 °C, respectively, and reduced activity at lower temperatures (Taylor et al.,
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2017). Braker et al. (2010) reported that denitrifying microorganisms, which use the nitrate from
nitrification to produce NO, N2O, and N2, have optimal activity from 25 to 35 °C, with slower
activity at low temperatures (4 °C). In this study, soil temperatures ranged from roughly 2 to 11
°C, well below the optimal range for both nitrifier and denitrifier activities, which likely reduced
the amount of substrate (NO3-) produced for denitrification, and the production of N2O. Luo et al.
(2008) reported that low soil temperatures likely inhibited the potential for denitrification and
subsequent N2O production, but the N2O emitted in the winter was most likely due to changes in
WFPS. Soil N2O fluxes following application of excreta still occurred under low temperatures
reported by Allen et al. (1996), and were attributed to soil moisture and soil mineral N content.
The low WFPS (<60%) that occurred from day 2 to day 23 in the trial may also indicate that
conditions were not conducive for denitrification to occur, where van Groenigen et al. (2005)
reported that maximum N2O from urine occurs maximally at a WFPS of 65%. The combination
of low soil temperatures and low soil WFPS for the first half of the trial likely explain why there
were no peaks observed in N2O flux following application of soil treatments.
The majority of NH3 volatilization occurred within the first 3 days of the trial before
decreasing and did not appear to respond to any changes in soil temperature or soil WFPS, which
appears to indicate that volatilization is a process independent of soil temperature and WFPS. Lei
et al. (2018) performed a soil incubation study and determined urease was still active in soil
temperatures at 15 °C. In the current study, soil N treatments were applied at 38 °C, which could
have created hot spots in the soil where intra- and extra-cellular urease became active and NH3
volatilization occurred.
There was only one peak in CO2 fluxes that was observed in this trial which occurred on
day 0 following the application of soil treatments. The treatments were applied at 38 °C and
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could have briefly raised the soil temperature to allow for an increase in microbial respiration.
Both soil temperature and soil WFPS were significantly and positively related to CO2 flux,
which indicates that as soil temperature and moisture increase so did microbial respiration.
McMullen et al. (2015) performed a soil respiration study at the same Agricultural Research and
Extension Center in Fayetteville, AR on plots northeast of the current study in a silt-loam soil
and reported CO2 fluxes of 108 to 216 mg CO2-C m-2 hr-1 from unamended soil in the late
autumn. In the current study, CO2 fluxes of 82.0 to 166.3 mg CO2-C m-2 hr-1 during the first 5
days were similar to McMullen et al. (2015), and while after day 21 were fluxes were slightly
lower at 28.8 to 55.3 mg CO2-C m-2 hr-1, averaged across all treatments. The CO2 fluxes
remained numerically similar to the negative control after day 5 of the trial and could be
indicative of microbial respiration that occur in a pasture soil in Northwest Arkansas in the late
autumn.
Conclusions
There was no effect of diet supplementation of alfalfa with the high CT-containing
legume sericea lespedeza on soil gas emissions from pasture soil following application of
ruminant excreta. Ammonia volatilization was a rapid process with the majority of total
volatilization occurring within the first 3 days following soil treatment application. Urine and
manure treatments lost similar amounts of applied N as NH3, and three of the four manure
treatments lost more applied N as NH3 than the urea treatment. Nitrous oxide fluxes from the
urine and manure soil treatments were small and numerically comparable to the negative control
(i.e. background level) for the entirety of the trial most likely as a result of low soil temperature
and WFPS. There was no difference among urine, manure, and urea treatments in the percent
applied N lost as N2O. The initial CO2 flux after surface applications of treatments was not
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sustained, resulting in cumulative CO2 evolution that did not differ between urine treatments,
urea and the negative control. Further investigation into the effects of surface application of
excreta from ruminants fed CT supplemented diets on microbial communities, soil physical
properties and leaching of N and other nutrients may uncover unexpected benefits. More
research is needed to fully understand the effects of CT on N allocation in the ruminant as well
as gas emissions due to changes in excreta N.
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Tables and figures
Table 1. Treatment composition with animal dietary treatment based on dry weight of forage that
produced the urine and manure slurry used in the soil application treatments.
Dietary treatment

Alfalfa
(%)

Control

100%

Sericea
Lespedeza
(%)
0%

Low

91%

9%

Medium

82%

18%

High

73%

27%

Soil treatment (per plot)
urine – 0%-SLab,
manure – 0%-SL
urine – 9%-SL,
manure – 9%-SL
urine – 18%-SL,
manure – 18%-SL
urine – 27%-SL,
manure – 27%-SL

NAc
urea
NA
no additiond
a
The urine treatments and urea were applied at a rate 60 g N m-2
b
Sericea lespedeza (SL)
c
Not applicable as animal dietary treatments, only applied as soil treatment
d
No addition, received no N (negative control)
Table 2. Mass of urine, mass of feces, and rate of nitrogen in each soil treatment applied at 38
°C to tall fescue pasture plots.
Treatmenta
Urine (g m-2)
Feces (g m-2)
Negative control
NA
NA
Urea
NA
NA
0%-SL Urine
4624
NA
9%-SL Urine
7673
NA
18%-SL Urine
6299
NA
27%-SL Urine
6076
NA
0%-SL Manure
1882
1328
9%-SL Manure
2369
1433
18%-SL Manure
2185
1523
27%-SL Manure
2195
1515
a
See Table 1 for treatment designation descriptions

N applied (g m-2)
NA
60.0
60.0
60.0
60.0
60.0
50.7
40.8
44.7
45.4
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Table 3. Estimated condensed tannins (CT) in dietary treatments and average (± standard error)
mass urine and feces, percent urine and fecal N from sheep fed alfalfa-based diets with
increasing supplementation of a polyphenolic-containing legume sericea lespedeza.
Treatmenta

Estimated CT
Total Mass
Urine N (%)
Total Mass
Feces N (%)
-1
(g kgdiet )
Urine (g)
Feces (g)
b
0%-SL
0.0
8242 (1697)a 1.30 (0.07)a
6135 (1783)a 2.84 (0.05)a
9%-SL
15.0
14002 (2104)a 0.98 (0.06)a
8581 (762)a 2.63 (0.07)b
18%-SL
30.0
11337 (1598)a 0.95 (0.15)a
8039 (849)a 2.69 (0.05)ab
27%-SL
45.0
11739 (1657)a 0.99 (0.16)a
8087 (482)a 2.62 (0.03)b
a
See Table 1 for treatment designation descriptions
b
Values in a column followed by the same letter are not significantly different (P > 0.05)
Table 4. Average (± standard error) soil pH and electrical conductivity (EC) collected from 0-5
cm on day 0 following soil treatment application, bulk density (Bd) in surface 0-5 cm of soil
extracted 164 days after application of urine or manure from sheep fed a modified alfalfa –based
diet, urea, or a negative control in pasture plots (n=4).
Treatmenta
Soil pH
Soil EC (µS cm-1)
Bd (g cm-3)
Negative control
5.90 (0.11)ab
29.7 (1.0)b
1.62 (0.04)a
Urea
7.09 (0.29)a
191.7 (62.0)ab
1.54 (0.04)a
0%-SL Urine
6.99 (0.39)a
435.4 (162.9)a
1.51 (0.06)a
9%-SL Urine
6.45 (0.31)a
251.6 (123.6)ab
1.53 (0.04)a
18%-SL Urine
6.48 (0.13)a
174.3 (50.1)ab
1.61 (0.07)a
27%-SL Urine
6.48 (0.52)a
295.9 (186.4)ab
1.61 (0.08)a
0%-SL Manure
6.01 (0.07)a
45.1 (3.9)b
1.52 (0.04)a
9%-SL Manure
6.02 (0.12)a
36.5 (4.9)b
1.63 (0.09)a
18%-SL Manure
5.96 (0.21)a
29.5 (2.6)b
1.48 (0.04)a
27%-SL Manure
5.77 (0.12)a
34.4 (5.0)b
1.47 (0.08)a
a
See Table 1 for treatment designation descriptions
b
Values in a column followed by the same letter are not significantly different (P > 0.05)
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Table 5. Average (± standard error) total NH3-N, N2O-N, and CO2-C emitted from soil in
pasture plots following application of urea, urine or manure from sheep fed a modified alfalfa –
based diet or in the negative control.
Treatmenta

Total NH3-N
Total N2O-N
Total CO2-C
-2
-2
(g m )
(mg m )
(g m-2)
Negative control
0.4 (0.0)bb
2.0 (37.6)ac
68.2 (11.2)ac
c
Urea
9.1 (1.1)a
28.4 (17.5)a
64.2 (5.8)a
c
0%-SL Urine
16.5 (3.1)a
25.7 (69.8)a
85.0 (4.8)a
9%-SL Urine
13.5 (1.2)ac
37.6 (19.7)a
69.2 (4.8)a
18%-SL Urine
15.6 (0.5)a
28.6 (3.0)a
81.9 (6.4)a
27%-SL Urine
14.5 (2.2)a
21.5 (10.2)a
77.2 (9.9)a
0%-SL Manure
15.7 (0.7)c
42.6 (17.5)
60.3 (2.3)a
c
9%-SL Manure
14.0 (0.4)
-8.9 (20.2)
63.6 (3.2)a
18%-SL Manure
13.0 (1.2)
51.4 (18.7
59.6 (2.0)a
c
27%-SL Manure
10.8 (0.4)
5.2 (8.2)
60.7 (3.7)a
a
See Table 1 for treatment designation descriptions
b
Values in a column followed by the same letter are not significantly different (P > 0.05). Values
for the manure treatments were excluded in statistical analysis due to unequal initial N
application rates compared to the urine treatments and urea
c
n=3, n=4 if no letter indicating sample size
Table 6. Average (± standard error) percent of applied N emitted as NH3-N or N2O-N, percent of
total NH3 emitted in the first 3 days from soil in pasture plots following application of urine or
manure from sheep fed a modified alfalfa –based diet or in the negative control.
Treatmenta

Applied N lost Applied N Lost Total NH3-N Emitted
as N2O-N (%)
as NH3-N (%)
Initially (%)
Negative control
NA
NA
30.4 (3.6)d
Urea
0.05ab
15.1 (1.6)bc
60.8 (1.9)bcc
c
0%-SL Urine
0.04a
27.5 (5.1)ab
60.8 (2.4)bcc
9%-SL Urine
0.06a
22.6 (2.1)abc
58.6 (3.2)cc
18%-SL Urine
0.05a
26.0 (0.8)ab
61.1 (2.3)c
27%-SL Urine
0.04a
24.1 (3.7)ab
58.0 (3.8)c
0%-SL Manure
0.08a
31.0 (1.4)ac
81.3 (1.4)ac
9%-SL Manure
-0.02a
34.4 (1.0)ac
76.9 (5.6)abc
18%-SL Manure
0.12a
29.1 (2.6)a
83.9 (2.3)a
c
27%-SL Manure
0.01a
23.8 (0.9)ab
81.2 (1.9)ac
a
See Table 1 for treatment designation descriptions
b
Values in a column followed by the same letter are not significantly different (P > 0.05)
c
n=3, n=4 if no letter indicating sample size
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Table 7. Linear regressions between greenhouse gas (GHG) fluxes and soil water-filled pore
space (WFPS) or soil temperature (ST) following application of urine or manure from sheep fed
a modified alfalfa –based diet or a control.
Interaction
Slope
Adjusted R2
a
N2O – WFPS
0.001
0.007
N2O – ST
-0.003
0.002
CO2 – WFPS
8.540
0.021
CO2 – ST
108.220
0.441
a
GHG fluxes in units of mg m-2 hr-1, WFPS in %, ST in °C

P value
0.073
0.212
0.005
<0.001
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Figure 1. Single plot diagram of each measuring component (resin core (not used in this study),
NH3 gas chamber, greenhouse gas (GHG) chamber), the diameter of each measuring
component, and the length and width of a plot. Each measuring component had 15 cm of
distance from the other measuring components and the metal border of the plot.

†

Figure 2. Plot treatment distribution for soil application experiments. Open and blue squares
represent negative control and urea application, respectively. Yellow squares represent urine
and brown squares represent manure from different dietary treatments fed sheep.
†See Table 1 for description of treatments
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†

Figure 3(a). Average (± standard error) NH3-N volatilization rates over 43 days from soil in
pasture plots following application of urine from sheep fed a modified alfalfa –based diet with
increasing percentage of sericea lespedeza, urea, or the negative control.
Figure 3(b). Average (± standard error) NH3-N volatilization rates over 43 days from soil in
pasture plots following application of manure from sheep fed a modified alfalfa –based with
increasing percentage of sericea lespedeza, urea, or the negative control.
†See Table 1 for description of treatments
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†

Figure 4. Average (± standard error) initial NH3-N emitted through day 3 from soil in pasture
plots following application of urine or manure from sheep fed a modified alfalfa –based diet with
increasing percentage of sericea lespedeza, urea, or the negative control (n=4, P<0.05).
†See Table 1 for description of treatments
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†

Figure 5(a). Average (± standard error) N2O-N fluxes over 42 days from soil in pasture plots
following application of urine from sheep fed a modified alfalfa –based diet with increasing
percentage of sericea lespedeza, urea, or the negative control (n=4).
Figure 5(b). Average (± standard error) N2O-N fluxes over 42 days from soil in pasture plots
following application manure from sheep fed a modified alfalfa –based diet with increasing
percentage of sericea lespedeza, urea, or the negative control (n=4).
†See Table 1 for description of treatments
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†

Figure 6(a). Average (± standard error) CO2-C fluxes over 42 days from soil in pasture plots
following application of urine from sheep fed a modified alfalfa –based diet with increasing
percentage of sericea lespedeza, urea, or the negative control (n=4).
Figure 6(b). Average (± standard error) CO2-C fluxes over 42 days from soil in pasture plots
following application manure from sheep fed a modified alfalfa –based diet with increasing
percentage of sericea lespedeza, urea, or the negative control (n=4).
†See Table 1 for description of treatments
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†

Figure 7. Average (± standard error) day 0 CO2-C fluxes from soil in pasture plots following
application of urine or manure from sheep fed a modified alfalfa-based diet with increasing
percentage of sericea lespedeza, urea, or the negative control (n=4). Soil treatments followed by
the same letter are not different (P > 0.05).
†See Table 1 for description of treatments
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Figure 8(a). Average (± standard error) soil water-filled pore space (WFPS) over 42 days from
soil in pasture plots following application of urine or manure from sheep fed a modified alfalfa –
based diet with increasing percentage of sericea lespedeza, urea, or the negative control (n=40).
Figure 8(b). Average soil temperature over 42 days from soil in pasture plots following
application of urine or manure from sheep fed a modified alfalfa-based diet with increasing
percentage of sericea lespedeza, urea, or the negative control.
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CHAPTER IV
Ammonia volatilization and greenhouse gas emissions from soil amended with excreta from
ruminants offered lablab and alfalfa diets
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Abstract
Forage-based ruminant diets supplemented with polyphenolic containing legumes may
alter nitrogen (N) metabolism in the animal and reduce gas emissions from soil receiving animal
excreta. The objective of the study was to determine if soil receiving urine or manure slurry from
sheep fed diets supplemented with a polyphenolic-legume lablab (Lablab purpureus L.) would
decrease N gas emissions from soil. Sheep (Ovis aries) (n = 4) were fed alfalfa (Medicago sativa
L.) silage diets with 0, 9, 18, or 27% lablab on a dry matter basis. Urine and feces were collected
separately for 7 days, combined across animal and day, and each of four urine or manure slurry
treatments was applied on a mass of N basis to 1-m2 of tall fescue (Lolium arundinaceum
[Schreb.] Darbysh) in Fayetteville, AR on April 9, 2019. Urea served as a positive control and
unfertilized plots served as a negative control (10 treatments, n = 4). Ammonia (NH3) was
trapped using a modified acid-trap method and measured colorimetrically to calculate
volatilization over 43 days. Gas samples were collected in the field to calculate carbon dioxide
(CO2) and nitrous oxide (N2O) fluxes over 42 days. The CO2 and NH3 emissions were relatively
large initially (day 0 and 1, respectively). Average day 1 volatilization from urine and manure
treatments were 4907 and 7376 mg m-2 d-1, respectively, and average day 0 CO2 flux from
excreta treatments was 7466 mg m-2 hr-1. Average total NH3 volatilized from urea, urine, and
manure treatments was 3058, 8199, and 10558 mg m-2, respectively. Average total N2O
emissions from urea, urine, and manure treatments were 766, 1161, and 146 mg m-2. Percent
applied N lost from soil N treatments for NH3 and N2O ranged from 6.1 to 23.9% and 0.2 to
2.9%, respectively. The results do not support reduced N2O, NH3, or CO2 emissions from soil
amended with excreta from ruminants offered increasing proportions of lablab to alfalfa diets.
Other approaches should be pursued such as supplementation with tannin and polyphenolic
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extracts to determine if there is an impact on N metabolism in ruminants and an effect on
subsequent gas emissions from excreta.
Introduction
In the United States (US), livestock beef production and consumption has increased 14.8
and 9.3%, respectively, from 2015-2019 (USDA, 2019). The increase in number of cattle results
in more manure production and requires a greater emphasis be placed on livestock and manure
management in order to mitigate environmental impacts from livestock production. In the US in
2016, manure management was responsible for 4.9% of nitrous oxide (N2O) emissions, a
greenhouse gas (GHG) that is 265 times more powerful than carbon dioxide (CO2) (IPCC, 2014;
USEPA, 2018). Global climate change has been attributed to increasing concentrations of GHG
in the atmosphere, which have been predicted to have severe impacts across the globe and place
pressure on the need to develop GHG mitigation strategies (IPCC, 2014).
Ammonia (NH3) volatilization and N2O emissions from pasture soils, particularly urine
patches, are losses of nitrogen (N) from the soil and decrease soil sustainability (Selbie et al.,
2015). Cattle raised for beef production spend the majority of their lives grazing in a pasture
before either being grass- or grain-finished prior to slaughter (Felix et al., 2018). It is estimated
that 70 to 95% of N consumed by the ruminant is excreted in waste, resulting in urine patches
than can equate to 1000 kg N ha-1 and occur 10 to 12 times per day (Di and Cameron, 2002;
Selbie et al., 2015). Up to 69% of total N in cattle urine is present in the form of urea, which,
upon soil contact, can be rapidly transformed into NH3 gas and lost from the soil system
(Bristow et al., 1992; Li et al., 2014). Ammonia gas can be deposited into local water systems
and potentially result in algal blooms and hypoxic environments that can negatively impact
aquatic life (Bukart and James, 1999).
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Urea that is not volatilized as NH3 can be nitrified and subsequently denitrified into
dinitrogen gas (N2) or N2O depending on soil conditions. It has been reported that denitrification
occurs maximally at a soil water-filled pore space (WFPS) greater than 60%, and that maximum
N2O production from cattle urine occurs at 65% WFPS (Linn and Doran, 1984; Van Groenigen
et al., 2005). After application of ruminant urine to soil, 22.2 and 1.7% of applied N was lost as
NH3 and N2O, respectively (Sherlock and Goh, 1984; Van Groenigen et al., 2005). The loss of N
from pasture soils as a result of ruminant excretion represents a decrease in the sustainability of
the pasture, and represents an economical loss from a production standpoint. Combined with the
environmental implications, it has become necessary to develop new methods for decreasing N
losses from pasture soils.
One potential method for decreasing N losses from pasture soils grazed by animals is diet
supplementation, and research is being performed to identify compounds to aid in mitigation.
Compounds such as condensed tannins (CT), a specific group of polyphenolic compounds (PC),
present in some forages have become a topic of research due to their ability to bind to protein
present in the rumen and alter N metabolism in the ruminant by decreasing urine N and
increasing fecal N (Mueller-Harvey, 2006; Naumann et al., 2017). Fecal N has a greater diversity
of compounds and greater C:N ratio than urine, thus potentially making feces a more sustainable
N input into soil than urine, and N in organic compounds would need to be mineralized prior to
becoming subject to N loss mechanisms from the soil (Zhu et al., 2020). Ruminants fed diets
supplemented with CT have been shown to decrease NH3 volatilization and N2O production,
making diet supplementation with CT and PC an exciting possibility as an N loss mitigation
method (Powell et al., 2011a; Duval et al., 2016). Diet composition as well as gas measuring
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methodologies differ within studies, and further research is needed in order to confirm the
efficacy of CT and PC as mitigation strategies (Naumann et al., 2017).
In this experiment, a high PC (1.4 mg gallic acid eq. g-1) -containing legume, lablab
(Lablab purpureus L.), will be supplemented with a common forage legume, alfalfa (Medicago
sativa L.), that is highly digestible and contains large amounts of protein (Foster et al., 2009;
Forage, 2019). Mupangwa et al. (2000) reported that lablab contains large amounts of CT, 16.9 g
kg-1 by dry matter, a subgroup of PC. The alfalfa forage was supplemented with lablab in an
effort to reduce gaseous N losses from urine and manure slurry (feces + urine) applied to pasture
soils, and to contribute more information to the body of knowledge surrounding the use of PC
and CT as N loss mitigation strategy from pasture soils. The objectives of the study were to 1)
determine in-situ CO2 and N2O emissions and 2) determine in-situ NH3 emissions for 42 and 43
days, respectively, from pasture soil after application of manure and urine from ruminants fed
alfalfa forage diets modified with increasing proportion of the PC and CT-containing legume
lablab. It was hypothesized offering ruminants alfalfa diets supplemented with increasing
proportions of the PC and CT-containing legume lablab altered N metabolism in the ruminant
such that GHG and NH3 emissions from soil receiving urine and manure slurry would be reduced
compared to application of urine or manure to soil from ruminants offered an alfalfa foragebased diet alone or soil receiving urea.
Materials and Methods
Plot establishment and experimental design
A plot study was established at the University of Arkansas’ Milo J. Shult Agricultural
Research and Extension Center in Fayetteville, AR (36° N, 94° W) within a tall fescue (Lolium
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arundinaceum [Schreb.] Darbysh) pasture that had experienced cattle grazing in previous years.
The soil was a well-drained Pickwick silt loam (fine-silty, mixed, semi-active, thermic Typic
Paleudult) (NRCS-USDA, 2019). A 1081-m2 area of pasture was isolated using an electric fence
to deter human and animal interference. Forty, 1-m² plots were established within the fenced
area using 1-m long by 1-m wide by 0.25-m deep metal borders, with 0.05-m aboveground and
0.20-m buried in the soil. Plots were laid out in a 4 x 10 grid pattern leaving 3-m between each
plot and 5-m between the outer-most plots and the electric fence.
Plot borders were installed March 8, 2019 using a trencher (Vermeer model RTX130,
Pella, IA) that excavated to an approximate soil depth of 20 cm at an area that included an extra
2 to 3-cm length on each side. Flat metal spades were used to shave the soil monoliths to the
desired 1-m² area. Plot borders were placed on the soil surface and driven into the soil over the
exposed soil monolith creating a snug fit of the plot border to the exposed soil profile. Excavated
soil was replaced into the trench outside of the metal borders and tamped down to secure the
metal borders and reduce macropore water flow outside of the plot.
Three polyvinyl chloride (PVC) pipes were installed in each plot as described below: one
for resin capture of leached nitrate (NO3-) and ammonium (NH4+) (carried out for a related
research project, but not pursued here), one for GHG (CO2 and N2O) collection, and one for NH3
gas collection (Figure 1). The experiment included treatments of urine and manure slurries
obtained from sheep fed alfalfa silage containing 0%, or approximately 9, 18, or 27% lablab
legume, urea as a positive control, or water as a negative control (Table 1). Treatments were
replicated four times (n = 4) and were applied to tall fescue plots on April 9, 2019 in a
randomized block design where each row served as a block (Figure 2). The GHG emissions and
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NH3 volatilization from the soil surface were captured for up to 43 days until termination of the
experiment on May 23, 2019.
The ruminant used in this study as a model organism was a female Dorper-hybrid (Ovis
aries) sheep. The sheep were in gestation during the experiment. Sixteen sheep were housed
indoors in individual pens and fed ad libitum one of four treatment diets (n = 4): diet contained
alfalfa silage with increasing proportion (0%, or approximately 9, 18 or 27%) by dry matter
content of a tannin and polyphenolic compound-containing legume forage lablab (Table 1).
Each treatment was fed to sheep for a 14-d acclimation period, and a 7-d excretion
collection period. Feces and urine were collected from each sheep individually, and a subsample
of urine and feces from each sheep was tested for N content. Total feces were gathered from
screens beneath the pens twice daily, and total urine was collected directly into plastic containers
submerged in ice packs that were replaced every 8 hr. The samples of urine and feces collected
from each sheep were stored separately and frozen at -20 °C. The day before plot application,
samples were thawed in sealed plastic bags inside the barn at the air temperature at the research
station (23.0 °C). Feces and urine of the same dietary treatment were mixed separately in 208-L
(55-gal) drums. For each plot, urine or manure slurry (feces mixed with urine) amounts were
calculated to apply each excreta to plots at a rate equivalent to 50 g N m-2 to mimic the amount
of N in an excretion event. The ratio of urine N-to-fecal N in the manure was proportional to the
urine N-to-fecal N ratio excreted by the sheep per dietary treatment.
In an effort to ensure the soil within the plot borders remained undisturbed, installed
cores were not removed from soil for application of soil treatments. Urine, manure and urea were
measured into separate, sealed, plastic containers for each core in order to apply an amount (on
an N basis) proportional to the surface area the core encompassed within the plot. Allocated
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samples were sealed and stored in a barn at the ambient air temperature overnight prior to soil
application. Respective allocated samples were applied separately to NH3, GHG, leaching cores,
and the remaining plot area outside cores within each individual plot.
Urea was used as a positive control and was applied at a rate of 50 g N m-2. Prior to
application, the urea was dissolved in a mass of water equivalent to the average mass of urine
treatments applied per plot. For the negative control, a mass of water equivalent to the average
mass of all urine and manure treatments was applied to the plots in an effort to keep the initial
soil moisture consistent.
On the morning of application day, each sealed plastic container containing urine,
manure, urea solution or water was heated to 38 °C in a forced-air oven to mimic an excretion
event of a ruminant animal. Upon reaching 38 °C, the urine, urea or manure treatment in each
container were applied immediately to the corresponding area (NH3 core, GHG chamber,
leaching core, or rest of plot) within a plot.
Ammonia Collection Procedure
Ammonia gas was trapped in a semi-open, static-chamber system utilized by Dempsey et
al. (2017). The method used a 60-cm long by 14-cm diameter acrylic plastic chamber buried 10cm into the soil outfitted with 2.54-cm-thick by 14-cm-diameter, bio-based polyurethane foam
sorbers (Fairfield Processing, Danbury, CT) soaked in 20 mL of 0.73-M phosphoric acid (H3PO4)
and 33% glycerol solution. Two soaked sorbers were placed in each chamber - one sorber was
placed 15 cm below top of the chamber to trap NH3 gas emitted from the soil as NH4+, and one
sorber was placed at the top of each chamber to prevent contamination from atmospheric NH3
gas. A wooden block was notched and fitted to the top of the NH3 chamber in order for a white
18.2-L (5-gal) bucket to be placed on the wooden block to allow for airflow and protect the
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chambers from precipitation. The white color of the bucket absorbs the least infrared energy and
was used to reduce unnatural increases in temperature in the chamber.
On the day of treatment application, day 0 of the trial, solution-soaked sorbers were
installed into the chambers immediately following the application of heated urine, manure, urea
or water. The sorbers were replaced with fresh solution-soaked sorbers on day 1, 3, 7, 10, 14, 21,
28 and 43 of the trial. On each day of sampling, the top sorbers were discarded, and the lower
sorbers were placed into plastic bags and extracted the same day. To extract, 100 mL of 2-M
potassium chloride (KCl) were added to each plastic bag containing a sorber, shaken by hand
until saturated, and left to soak for 24 hr. To extract, the sorbers were removed from the plastic
bag and hand-squeezed until no more liquid could be extracted into the plastic bag. A 50-mL
aliquot of the solution in the plastic bag was transferred to a 50-mL centrifuge tube, acidified
with 3-M hydrochloric acid (HCl), and refrigerated at 4 °C for storage until analysis. Samples
were gravity-filtered through 90-mm diameter Whatman 42 (Buckinghamshire, UK) filter paper.
Ammonium-N was determined colorimetrically on a Skalar segmented-flow autoanalyzer
(Skalar Inc., Norcross, GA) using the salicylate-hypochlorite procedure (Mulvaney, 1996). The
sample NH4+ concentrations were reported as mg L-1 and converted to mg NH3 m-2 d-1 using the
following equation:
NH3 flux (mg m-2 d-1) = {[NH4+] * (Va * DF)} / {SA * t}

(1)

where [NH4+] was the concentration of NH4+ in mg L-1 and is assumed to be all of the volatized
NH3 reduced to NH4+, Va was volume of acid (0.02-L) initially added to sorber, DF was the
dilution factor is 1:6 which was the ratio of acid sample (0.02-L) to total extraction volume
(0.12-L), SA was the surface area of NH3 chamber (0.015-m2), and t was the time the sorber
spent in the NH3 chamber (d).
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GHG Collection Procedure
Greenhouse gases were collected in a similar method as Rogers et al. (2014) using a
PVC-chamber built following the GRACEnet protocol (Parkin and Venterea, 2010). The
GRACEnet protocol was utilized with the following modifications for this experiment provided
below. The GHG samples were collected in 20-mL glass vials that were capped using stainless
steel caps (20-mm ASMB mag seal PFTE Butyl, Thermo Fisher Scientific, Waltham, MA). Each
morning prior to sampling, each vial was evacuated to remove any gases that may have been
present in each vial. To remove vials of any previous gas, the vials were evacuated using a
vacuum pump set to -152 kPa for 60 seconds, flushed with N2 gas to 276 kPa psi for 15 seconds,
and this process was repeated and then each vial was evacuated to -152 kPa for 60 seconds.
Three evacuated vials, for times 0, 30, and 60 min, and a 20-mL syringe (Beckton
Dickinson, Franklin Lakes, New Jersey) were sorted into a labeled plastic bag and placed at each
plot on the day of sampling. Immediately after treatment application, the day 0 time 0-min gas
measurement was collected, beginning with plot one and progressing sequentially through plot
40. Gas samples were collected on days 0, 1, 2, 3, 5, 7, 10, 15, 21, 28, 35, and 42. At roughly
11:00 AM each sampling day, the chamber lid (10-cm long by 30-cm diameter) was placed on
top of the anchor (15-cm long by 30-cm diameter, buried 5-cm into soil) of the first plot and
sealed and the time 0-min gas sample was collected. The surface area (SA) of the capped
chamber was 0.071 m2, and the volume (V) of the capped chamber was 14.14 L. Gases were
collected by puncturing the septum of the chamber lid with the syringe’s needle (0.5 x 25-mm,
Beckton Dickinson, Franklin Lakes, New Jersey), drawing in a sample to 20 mL, and
transferring the sample to the evacuated 20-mL sample vial. This process was repeated until 20
chamber lids were placed on the anchors of plots 1-20. The described gas sampling procedure
74

was repeated for the 30- and 60-min gas sample collections. Immediately after the 60-min
sample, the chamber lid at the plot was removed to allow for plant photosynthesis and respiration
to return to normal. The GHG standards (300, 500, 1000 ppm CO2 and 0.1, 1, 5, 10 ppm N2O)
were collected in the field to mimic the air temperature and atmospheric pressure of the plot
GHG samples. After the gas standards were collected, the first chamber lid was placed on plot 21
and the time 0-min gas sample was collected. The sampling procedure described above was
repeated for the time 0-, 30-, and 60-min gas samples for plots 21-40.
Upon completion of GHG sampling, all sample and standard vials were placed cap down
in a cardboard carrying container and returned to the laboratory. A second set of GHG standards
(300, 500, 1000 ppm CO2 and 0.1, 1, 5, 10 ppm N2O) were collected in the laboratory
immediately before analysis for CO2 and N2O concentrations on a Shimadzu gas chromatograph
(GC-2014 ATFSPL 115V, Japan). The GHG fluxes were determined using a linear model (R2 >
0.98) fitting a standard curve developed from the standards taken in the field and laboratory and
according to calculations provided in the GRACEnet protocol to present flux in units of mg m-2
hr-1.
Soil Properties
Temperature and moisture were monitored continuously for 42 days using a data logger
(CR10X wiring panel, Campbell Scientific Inc., Logan, UT). One thermocouple and volumetric
water content (VWC) reflectometer were each installed horizontally into undisturbed soil at a 5cm depth into a total of eight plots: one each receiving 1) negative control, 2) urea, 3) 0%lablab(LL) urine, 4) 0%-LL manure, 5) 18%-LL urine, 6) 27%-LL manure, 7) 18%-LL manure,
and 8) 9%-LL urine. Atmospheric data (air pressure and temperature) were collected hourly
using a data logger (CR1000x wiring panel, Campbell Scientific Inc., Logan, UT) located in the
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northwest corner of the University of Arkansas’ Milo J. Shult Agricultural Research and
Extension Center in Fayetteville, AR.
Soil samples were obtained from the 0-5-cm depth on day 0 of the trial following
treatment application. One soil sample was obtained randomly from the area of the plot within
the borders excluding the measuring cores, immediately stored on ice and frozen at -80 °C in the
laboratory until analysis. To determine pH and electrical conductivity (EC), 1.5 g of soil were
removed from the 0-5-cm soil samples and diluted with 3 mL of milliQ H2O to perform a pH1:2
and EC1:2 method. Bulk density (Bd) cores were obtained from each plot on July 12, 2019 with
core dimensions of 6-cm diameter by 5-cm height, and were used to calculate water-filled pore
space (WFPS) for each plot.
Data analysis
Total NH3, N2O, and CO2 were calculated by assuming the flux obtained on a day was
constant from the time midpoint of the sample day previous and the sample day following. The
amount of time that occurred in each interval from midpoint previous to sampling day to
midpoint following sample day was multiplied by the flux obtained on the sampling day to
determine emissions. The emissions of each interval was summed to obtain the total and ignored
diurnal flux activity and temperature variations. A modification to the GRACEnet protocol was
that N2O fluxes were calculated based on the corresponding CO2 flux and were determined for
all plots with a CO2 flux R2 greater than 0.66.
In order to determine WFPS per plot per day, the daily moisture was calculated by taking
the average of the eight moisture values and removing any outliers, which were determined using
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an exclusion factor of greater than 1.5x the inner quartile range. The daily WFPS was calculated
using the following equation:
WFPS = (VWC / (1-(Bd / 2.65)) * 100%

(2)

where VWC was in decimal fraction units, Bd was the measured bulk density of the plot in g cm3

, and 2.65 was the assumed particle density value in g cm-3.
Statistical analysis was performed using R version 3.6.2. A linear regression was

performed to determine the relationship between soil temperature and water-filled pore space to
GHG fluxes. Treatment differences per day for NH3 volatilization, GHG fluxes, soil pH, WFPS,
and EC were compared using Tukey’s multiple comparison and all differences were compared to
an alpha of 0.05. In the results and discussion, a difference between treatments indicates a P 
0.05 and no difference indicates a P > 0.05. Unless noted otherwise in the text, values are
presented as the average (± standard error).
Results
Excreta from dietary treatments
The total mass of urine and total mass of feces from the animals did not differ across the
four dietary treatments (Table 2). The percent fecal N also did not differ among dietary
treatments. The average mass of urine and feces across dietary treatments was 8788 (± 728) g
and 9738 (± 734) g, respectively. The average percent fecal N across dietary treatments was 1.34
(± 0.08) %. The percent urine N from the 27%-LL dietary treatment (2.40 (± 0.02) %) but was
similar to the 18%-LL dietary treatment, 2.44 (± 0.04) %, but less than the 0 and 9%-LL dietary
treatments (2.59 (± 0.03) and 2.58 (± 0.04) %, respectively). The percent urine N from the 0, 9,
and 18%-LL dietary treatments did not differ.
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Ammonia volatilization
The largest NH3-N volatilization rates for all treatments occurred on day 1 of the trial
(Figures 3a, 3b). The NH3-N volatilization rates decreased sharply by day 3 and thereafter
remained low throughout day 43 of the trial. The urine and manure treatments produced greater
NH3–N volatilization on day 1 than the urea and negative control treatments (Figure 4). The day
1 NH3-N volatilization for the urea and negative control treatments were 1343 (± 569) and 42.5
(± 9.9) mg NH3-N m-2, respectively. There were no differences in day 1 NH3-N volatilization
among urine treatments, and the average NH3-N volatilization was 4908 (± 287) mg NH3-N m-2
across urine treatments. There were no differences in day 1 NH3-N volatilization among manure
treatments, and the average NH3-N volatilization was 7376 (± 305) mg NH3-N m-2 across
manure treatments. The 18%-LL manure treatment produced more NH3-N on day 1 than all urine
treatments. The 9%-LL manure treatment produced more NH3-N on day 1 than the 0%-LL urine
and 18%-LL urine treatments. A linear regression displayed a significant relationship between
NH3-N and CO2-C emitted through day 1 (slope = 0.143, P < 0.001, R2 = 0.257, Figure 5),
whereas, NH3-N emitted increased, CO2-C emitted increased.
All manure and urine treatments produced more total NH3-N over the 43-day experiment
than the negative control (Figure 6). All manure and the 0, 9, and 27%-LL urine treatments
produced more total NH3-N than the urea treatment. The total NH3 emitted averaged across urine
and across manure treatments was 8199 (± 480) and 10558 (± 384) mg NH3-N m-2, respectively.
The urea and negative control did not differ, with an average total NH3-N of 1832 (± 858) mg
NH3-N m-2.
The percent total NH3-N volatilization that occurred on day 1 ranged from 21.1 to 75.0%
(Table 3). There were no differences among manure and urine treatments, and all manure from
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modified diets (9, 18, and 27%) emitted more percent total NH3-N on day 1 than the urea and
negative control. The percent total NH3-N on day 1 across manure treatments averaged 73.4 (±
2.2) %. There were no differences among the 0%-LL manure, all urine, and urea treatments, but
0%-LL manure, all urine and urea treatments emitted a greater percent total NH3-N on day 1 than
the negative control. The percent total NH3-N emissions on day 1 from across urine treatments
averaged 59.8 (± 1.8) %. The percent total NH3-N emissions that occurred on day 1 for the urea
and negative control was 44.9 (± 6.3) and 21.1 (± 4.7) %, respectively.
Of the 50 g N applied to the plots, the amount of N lost as NH3-N ranged from 6.1 to
23.9% (Table 3). All urine and manure treatments, with the exception of 18%-LL urine, were
greater than urea. There were no differences among urine treatments and there were no
differences among manure treatments in percent applied N lost as NH3-N. The percent applied N
lost as NH3-N was 16.4 (± 1.0) % across urine treatments and 21.1 (± 0.8) % across manure
treatments. The percent applied N lost as NH3-N from the 18%-LL manure treatment was the
only manure treatment greater than the 18% urine treatment. The percent applied N lost as NH3N for urea was 6.1 (± 2.4) %.
Nitrous oxide fluxes
There was a delay in appreciable N2O-N emissions until day 15, especially in urea and
urine treatments (Figure 7a, 7b). Nitrous oxide peaks occurred on days 15 (urea, manure, and
some urine treatments) and 21 (urine treatments) of the trial. The largest numeric N2O-N fluxes
for all N soil treatments occurred on day 15, with the exception of 0%-LL urine treatment whose
mean flux was numerically largest on day 21. The largest differences among treatments occurred
on day 15 (Figure 8a) and 21 (Figure 8b). The N2O-N flux from the negative control was small
throughout the 42-day trial (Figure 7a, 7b).
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The negative control and urea N2O-N fluxes were different on day 15 and were 0.01 (±
0.01) and 2.3 (± 0.12) mg N2O-N m-2 hr-1, respectively (Figure 8a). There were no differences
among the urine treatments and there were no differences among manure treatments on day 15,
and the average N2O-N flux was 2.47 (± 0.29) across urine treatments and 0.52 (± 0.08) mg
N2O-N m-2 hr-1 across manure treatments. All urine and urea treatments, with the exception of
the 27%-LL urine treatment, produced greater N2O-N fluxes on day 15 than all the manure
treatments. The 27%-LL urine and 9%-LL manure treatment were similar on day 15. All urine,
manure and urea treatments had greater N2O-N fluxes on day 15 than the negative control.
On day 21, the negative control and urea N2O-N fluxes were different and were 0.00 (±
0.00) and 0.96 (± 0.09) mg N2O-N m-2 hr-1, respectively (Figure 8b). There were no differences
in day 21 N2O-N flux among the urine treatments and there were no differences among the
manure treatments on day 21, and the N2O-N fluxes were 2.41 (± 0.23) across urine treatments
and 0.08 (± 0.02) mg N2O-N m-2 hr-1 across manure treatments. All urine and urea treatments
had greater N2O-N fluxes on day 21 than all manure treatments and the negative control, which
did not differ. The 0%-LL urine treatment, 3.13 (± 0.51) mg N2O-N m-2 hr-1, was the only
treatment to produce greater N2O-N flux on day 21 than urea.
The average total N2O-N emissions for all treatments ranged from -1.2 to 1440 mg N2ON m-2 (Figure 9). The average total N2O-N emitted from urea and the negative control were
different and emissions were 766 (± 40.9) and -1.2 (± 3.3) mg N2O-N m-2, respectively. The
negative control resulted in negative total N2O-N emitted, indicating that the soil absorbed N2O
over 42-d. There were no differences in total N2O-N emissions among urine treatments and there
were no differences among manure treatments, and the total N2O-N emitted was 1161 (± 103)
across urine treatments and 146 (± 15) mg N2O-N m-2 across manure treatments. All urine and
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urea treatments emitted similar total N2O-N, with the exception of 0%-LL urine (1440 (± 170)
mg N2O-N m-2), which emitted more N2O-N than urea. There were no differences among the
manure treatments and negative control, and all emitted less total N2O-N than the urine and urea
treatments.
The average percent N applied that was lost as N2O-N after 42 days from all soil N
treatments ranged from 0.22 to 2.88 % (Table 3). The average percent applied N lost as N2O-N
for urea was 1.53 (± 0.08) %. There were no differences in percent N applied lost as N2O-N
among urine and there were no differences among manure treatments. The average percent
applied N lost as N2O-N was 2.32 (± 0.21) across urine treatments and the average percent
applied N lost was 0.29 (± 0.03) % across manure treatments. Urea (2.88 (± 0.34) %) lost less
applied N as N2O-N than the 0%-LL urine treatment, but more than all manure treatments.
Carbon dioxide fluxes
The average CO2-C flux per treatment over 42 days peaked immediately after
application on day 0 (Figure 10a, 10b). Differences among treatments on a day occurred on days
0, 1, 2, 5, 15 and 21; however, there was no pattern or trend between CO2-C flux and treatment
differences after day 0. The greatest differences in CO2-C flux among treatments occurred
immediately after treatment application on day 0 (Figure 11). The day 0 average CO2-C fluxes
for all treatments ranged from 355.1 to 2415 mg CO2-C hr-1 m-2. The CO2-C flux detected from
the urea treatment was greater than that of the negative control at 751.5 (± 116.1) and 355.1 (±
43.6) mg CO2-C m-2 hr-1, respectively. There were no differences in CO2-C flux on day 0 among
any urine or manure treatments, and the average CO2-C flux across all animal excreta soil
treatments was 2037 (± 89.7) mg CO2-C m-2 hr-1. All urine and manure treatment CO2-C fluxes
on day 0, with the exception of the 0%-LL manure treatment (1462.9 (± 276.9) mg CO2-C m-2 hr81
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), were greater than those measured in urea. All treatments’ CO2-C flux was were greater than

that from the negative control on day 0. After 42 days, there were no differences in total CO2-C
emissions among any treatments, and the average total CO2-C emitted was 340.4 (± 27.1) g CO2C m-2 (Figure 12).
Soil Conditions
Soil pH (0-5-cm depth) on day 0 following application of soil treatments ranged from
5.77 to 7.07 (Table 4). Soil pH in the urea treatment was greater than the pH in the 27%-LL
manure treatment (7.02 (± 0.29) and 5.77 (± 0.12), respectively). With the exception the of 27%LL manure treatment, all other soil treatments had a similar day-0 soil pH following application
of soil treatment and the average was 6.37 (± 0.11) across similar treatments. Despite a lack of
immediate differences in treatments (P > 0.05), linear regression between day 0 soil pH
following application of soil treatment and NH3-N volatilized through day 1 showed a significant
but poor relationship (slope = -1334.1, P = 0.047, R2 = 0.076, Figure 13).
Soil electrical conductivity (EC) in the 0-5-cm depth on day 0 following application of
soil treatment ranged from 29.5 to 435.4 µS cm-1 (Table 4). Electrical conductivity in the 0%-LL
urine treatment (435.4 (± 162.9) µS cm-1) was greater than EC in all manure treatments and the
negative control and was similar to all other urine and urea treatments. With the exception of the
0%-LL urine treatment, soil EC in all other treatments following application of soil treatments on
day 0 was similar.
Water-filled pore space (WFPS) was similar among all urine and manure treatments, the
negative control, and urea treatment, with the exception of 9%-LL manure, which only differed
from the negative control and 18%-LL urine treatment on all days of the trial (data not shown).
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Notable changes in average WFPS between similar treatments (9 treatments excluding 9%-LL
manure, n = 36) include increase from 58.1 (± 0.8) to 70.7 (± 1.0) % from days 3 (4/12/2019) to
5 (4/14/2019), respectively, followed by an overall decreasing trend from day 5 until day 15
where the average WFPS was 62.8 (± 0.9) % (Figure 14a). The average WFPS (9 treatments
excluding 9%-LL manure, n = 36) showed a second overall decreasing trend from 69.7 (± 1.0) to
63.9 (± 0.9) % from days 16 (4/25/2019) to 21 (4/30/2019), respectively. Average WFPS (9
treatments excluding 9%-LL manure, n = 36) reached a minimum on day 3 and a maximum of
76.1 (± 1.0) % on day 30.
A linear regression showed both N2O and CO2 (Figure 15a, 15b) fluxes were significantly
related to WFPS (P < 0.01); however, as indicated by the small slopes (0.018 and -7.967,
respectively) and weak adjusted R2 (0.03 and 0.01, respectively), soil moisture appears to explain
only a small amount of the variability in N2O-N and CO2-C production from the soil. Nitrous
oxide flux becomes more variable at WFPS >60%, and CO2 flux becomes less variable at WFPS
>75% (Figure 15a, 15b).
Soil temperature had no outliers among plots and was therefore averaged at each time
point for the entire experimental area (Figure 14b, n = 8). The range of average soil temperatures
was 10.1 to 21.0 °C over the 42 days. Overall, soil temperature at the 5-cm depth showed a
pattern typical of the spring season with fluctuation before a relative stabilization between days
13 (4/22/2019) to 26 (5/5/2019), where the range of temperature between those days was 17.5 to
19.7 °C. Soil temperature decreased initially from day 0 at 18.6 °C to a minimum on day 5 at
10.1 °C. The soil temperatures on days 15 and 21 were 18.7 and 19.6 °C, respectively.
Linear regressions of N2O-N flux as a function of soil temperature (slope = 0.063, R2 =
0.067, P < 0.001, Figure 16a) and CO2-C flux as a function of soil temperature (slope = 45.554,
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R2 = 0.088, P < 0.001, Figure 16b) indicate that soil temperature appears to explain a small
portion of the variability in N2O-N and CO2-C evolution from the soil. Fluxes of both gases
become more variable as temperature increases.
Discussion
Effects of diet supplementation on gas emissions from excreta
Results from the trial indicated that feeding increasing proportions of a PC-containing
legume to a sheep diet had no effect on gas (CO2, NH3, or N2O) fluxes or cumulative gas
emissions from soil after surface application of excreta (urine or manure). This was contrary to
what Powell et al. (2011a) reported in an incubation study following the application of urine and
feces slurries from dairy cows fed tannin-supplemented (4.5, 9.0, 18 g CT kg-1) diets to soil
where the decrease in NH3 volatilization (rates and cumulative emission) was due to a reduction
in urea N in the excreta and the tannin’s ability to reduce urease activity in the excreta (Powell et
al. 2011b). The differences in the results of this study could be due to differences in amount and
types of polyphenol used, ruminant used, and methodologies (incubation system versus open
pasture system).
Dairy cows fed diets supplemented with two levels of tannin extract at 0.45 and 1.5% for
90 days were also shown to decrease cumulative N2O production on days 45 and 90 compared to
controls (Duval et al., 2016). Gas emissions were collected from the entire cow that was placed
in a chamber (Duval et al., 2016) as opposed to direct emissions that were collected from manure
or urine applied to a soil surface in this research. The total length of dietary treatment of the
current trial was 17 days (10-day acclimation period and 7-day collection period) and may not
have been a sufficient amount of time for the ruminant to become acclimated to the diet and have
an impact on N allocation in the excreta. The differences in gas sampling methodologies, form of
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polyphenolic compound (extract versus plant form), as well as ruminant used between Duval et
al. (2016) and this study could explain why there were no differences between N gaseous
emissions due to dietary treatment.
Ebert et al. (2017) reported a difference in fecal N, but no difference in urine N or CO2
flux from beef steers due to polyphenolic supplementation (0, 0.5, 1% CT by DM basis) in the
diets. In the current trial, there was no difference among fecal N as well as no difference in initial
CO2 flux or cumulative CO2 emissions due to diet supplementation with a PC-containing
legume; however, there was a decrease in the percent urine N in the 27%-LL dietary treatment
compared to the 0%-LL dietary treatment. Though the urine and fecal N in the current study
were not analyzed for urea N content, multiple studies have indicated that diet supplementation
with PC alter the N metabolism in the rumen and reduce urine N, while increasing fecal N
(Mueller-Harvey, 2006; Deaville et al., 2010; Orlandi et al., 2015). A greater proportion of
polyphenolic compounds may be necessary for diet supplementation to illicit a subsequent
response in both the urine and fecal N. There may be a benefit to animal performance and
pasture sustainability through diet supplementation with PC, but inconsistent methodologies and
few studies of soil gas emissions as a result of diet supplementation make it difficult to
definitively state if there are benefits to a producer (Naumann et al., 2017).
Soil gas emissions from ruminant urine versus ruminant manure
The cumulative N2O emissions reported in this study showed that urine and urea soil
treatments produced greater total N2O than manure treatments regardless of application at the
same N rate. Cardenas et al. (2016) applied urine and feces to plots and reported that urine
produced greater cumulative N2O than feces, despite applying the feces at a greater N rate. The
greater cumulative urine N2O emissions were attributed to an increase in soil moisture due to the
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application of liquid urine; however, the N2O fluxes were greatest initially after application,
whereas, in the current study, there was a delay in N2O fluxes (Cardenas et al. 2016). Marble et
al. (2012) evaluated the effect of fertilizer application method on N2O production and reported
that incorporated fertilizer produced greater cumulative N2O than top-dressed fertilizer
application. The infiltration of urine and urea solution into the soil as opposed to remaining on
the soil surface, in the case of manure, could have allowed for greater contact of urine N and urea
N with nitrifying and denitrifying soil microorganisms and subsequent greater N2O production
than manure. Multiple studies that measured the amount of urine N lost as N2O from field studies
reported values of 0.6 to 3.7% (silt loam) and 0.3 to 4.2% (sandy silty loam) (De Klein et al.,
2003; Anger et al., 2003, respectively), and were consistent with the applied urine N lost as N2O
from the silt-loam surface texture that was observed in the current experiment (1.79 to 2.88%).
The largest NH3 volatilization rates occurred rapidly after application through day 1 when
the initial samples were collected. The percent of total volatilization that occurred on day 1
ranged from 44.4-75% from all N soil treatments and is consistent with the findings of Li et al.
(2014) who reported 57-80% of volatilization occurred within the first 5 days. Li et al. (2014)
reported greatest rates occurred within 24 hours after application of fresh and stored dairy
effluent and fresh and stored manure to pasture plots in the spring, summer, and autumn 2012.
The rapid volatilization was attributed to large soil NH4+ concentrations and rapid N
mineralization from the amendments after application to soil (Li et al., 2014). Though the
composition of N in the urine and manure, which was a combination of feces and urine, in the
current study are unknown, Dijkstra et al. (2013) reported that up to 90% of urine N is urea, and
indicates that the rapid volatilization was due to the large amounts of N that were applied in this
study. A caveat is that the positive control urea that was dissolved in water did not volatilize the
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same amount of NH3 as the urine and manure treatments despite being applied at the same rate,
which indicates that another factor contributed to differences in NH3 volatilization. Although
there were few differences in soil properties measured, such as treatment pH, the N
transformations occur at the scale of microorganisms and there may be practical differences not
detected in the small sample size of four replicates or at the scale measured that may be
important to gas emissions.
The negative relationship between soil pH and NH3 volatilization could be due to a
temporal disconnect or spatial variability of the soil. The soil pH was measured in the evening
following the application of soil treatments, whereas the initial NH3 volatilization was
determined the day following soil treatment application. The soil pH was also measured from the
plot, not within the NH3 chamber, in an effort to not disturb the microbial community within the
chamber and was not a direct measurement of the soil where the NH3 was emitted. Both the
timing and space between the soil and NH3 samples may be factors contributing to the low R2
value and negative slope of the linear regression, and indicate that there are multiple factors
influencing NH3 volatilization.
The average total NH3 volatilized from the applied N ranged from 13.9 to 17.7% for the
urine treatments, and an average of 6.1% for the urea treatment. Sherlock and Goh (1984) also
applied urine and urea at a rate of 500 kg N ha-1 and reported a similar loss for urine (22.2%),
and a much greater loss for urea (17.9%). It appears that the N form in urine or manure, as well
as the form of amendment (liquid versus semi-solid), influence the amount of soil gas N
emissions after subsequent application to pasture soil (Wu et al., 2019); however, this is
speculative and further analysis is needed to confirm or reject this hypothesis.
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Following application of soil treatments, the initial CO2 fluxes from all treatments were
the greatest at the initiation of the trial and the fluxes from urine and manure were similar. The
initial 9, 18, 27% LL-slurry CO2 fluxes were greater than the urea CO2 flux and may have been
due to the larger C content of the manure. The manure treatments were not incorporated into the
soil, which left the majority of the manure on the grass and soil surface, indicating that the
majority of the initial CO2 flux may have been from the feces itself as opposed to soil microbial
activity. The large initial CO2 flux from feces is consistent with the findings of Zhu et al. (2020)
and Lin et al. (2009), where cattle and yak feces, respectively, were applied to soil cores in
incubation studies. The CO2 fluxes arising from urea and urine treatments may be attributed to
the hydrolysis of urea to NH3 and CO2 (Zhu et al., 2020; Lin et al. 2009); however, it is
interesting to note that the CO2 flux from urine treatments were greater than the urea treatment.
A possible explanation for the greater CO2 flux from urine than urea could be that there are other
compounds in urine that affect CO2 flux. There was a significant correlation between NH3
volatilization and CO2 emitted through day one and indicates there was a large amount of initial
microbial activity following soil treatment application. Though the initial CO2 fluxes from urea,
urine, and manure were greater than the negative control, the cumulative CO2 emissions were
similar and this indicates that large initial fluxes were correlated to large nutrient inputs to the
soil surface (Zaman et al., 2004), and is supported by the data recorded in this study.
Gas emissions due to soil factors
The initial N2O fluxes were relatively low compared to days 15 and 21. A delay in N2O
flux has been reported before (Boon et al., 2014). The delay in N2O fluxes from urine, urea, and
manure could be due to the N transformations that occur in the soil from an organic form of N
into the substrates for N2O production (Dijtkstra et al., 2013). Temporal variability in increased
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N2O emissions that were observed over time has also been observed by Barneze et al. (2015),
who attributed peak N2O fluxes to an oscillation between small and large WFPS in the soil and
as a result of both nitrification and denitrification. Nitrification is an aerobic process that
oxidizes NH4+ into NO3-, which then becomes the substrate for denitrification (Bernhard, 2010).
As soils become anaerobic and oxygen is limited, denitrification uses NO3- as a terminal electron
acceptor and can produce nitric oxide (NO) and N2O, in the case of incomplete denitrification,
and N2, in the case of complete denitrification (Zumft, 1997).
Nitrous oxide flux and the processes that control emissions are influenced by WFPS and
temperature in the soil. Van Groenigen et al. (2005) reported that N2O fluxes from urine are
greatest at 65% WFPS and decrease sharply at >75% WFPS. Nitrous oxide production was
delayed under saturated soil conditions until evaporation decreased the WFPS and N2O
production increased (van Groenigen et al., 2005). The increase in N2O flux was significantly
related to an increase in WFPS in this study, the largest numeric fluxes began to occur between a
WFPS of approximately 60 to 75%. The large variability in the relationship between N2O flux
and WFPS indicates that WFPS was not the main factor contributing to N2O flux. The WFPS of
all treatments lowered overall from day 9 to 15 and day 17 to 21, which coincided with the
largest N2O fluxes of the trial. After day 21, WFPS did not change as drastically as the days
previously mentioned, and there were not any other peak N2O fluxes that occurred. It is
interesting to note that the N2O peaks in this study occurred under lower WFPS (~62%) in soil
following times of larger WFPS (~67%), indicating that complete denitrification may have
occurred followed by incomplete denitrification as O2 entered the soil. The enzymes converting
nitrite (NO2-) and NO3- into N2O remain active as soils dry and O2 enters, and the enzymes
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converting N2O into N2 become impaired rapidly, resulting in incomplete denitrification (Morley
et al., 2008).
Bertram et al. (2010) applied urine to soil cores and incubated at 5, 10, 15, and 20 °C, and
N2O fluxes increased as soil temperatures increased. In the current study, there was an initial
drop in soil temperature until day 5 (10.1 °C), followed by an overall increase in soil temperature
through days 15 (18.8 °C) and 21 (19.6 °C). Nitrous oxide flux was significantly related to soil
temperature in the current experiment. It appears that a temperature threshold occurred in this
experiment, where, above 18 °C both N2O and CO2 fluxes dramatically increased, which was
consistent with the range that mesophilic bacteria become active, 20 to 39 °C (Schiraldi and De
Rosa, 2014). The evidence from the current trial indicates that a combination of WFPS and soil
temperature conditions would best explain the delay and magnitude of N2O fluxes that occurred
for all soil N treatments.
The day-0 CO2 fluxes were the largest of the trial before lowering until a pulse between
days 15-28. The soil amendments were applied at 38 °C and day-0 CO2 gas samples were
collected immediately after, and the large amendment temperature could explain the large initial
CO2 fluxes observed. The rapid decrease in CO2 emissions from urine and manure treatments
after day 0 could be attributed to a decrease in amendment temperature as the heated
amendments cooled before the next sampling day. Soil temperature is a controlling factor in CO2
flux from soil (Risk et al., 2002), and was significantly and positively correlated to CO2 flux in
this trial. After application of sheep and yak excrement to soil, Ma et al. (2006) and Lin et al.
(2009), respectively, also observed a significant correlation between CO2 flux and soil
temperature. The CO2 pulse that occurred later in the trial coincided with an increase in soil
temperature and was also reported by Ma et al. (2006) after an increase in soil temperature.
90

There was a significant negative correlation between WFPS and CO2 flux in this trial and, as the
soil became wetter, CO2 flux decreased and no relatively large CO2 fluxes were observed at
WFPS >75%. Savin et al. (2001) reported that soil temperature is more influential on CO2
production from soil than soil moisture unless moisture is limiting. Soil moisture was not a
limiting factor in this trial, and the results indicate that both soil temperature rather and moisture
were environmental factors influencing CO2 flux from soil.
Conclusions
Although there were some differences between urine and manure treatments, there were
no reductions in gaseous emissions of urine or manure applied to pasture soil resulting from
incorporation of the polyphenolic-containing legume lablab into the alfalfa silage diet of sheep.
Manure application to soil produced less cumulative N2O than urea, but urea produced the same
amount of N2O as urine treatments, with the exception of 0%-LL urine. Urea produced less total
NH3 than all urine and manure treatments with the exception of 18%-LL urine. The N losses for
N2O and NH3 were similar to other reported values in the literature, but were lower for reported
urea losses. There was no difference between cumulative CO2 between any soil treatments
including the negative control; there were differences in CO2 flux only in the days following
initial application. Nitrous oxide and CO2 fluxes were each related significantly with soil
temperature and WFPS. The multiple peaks in N2O flux throughout the experiment may be
explained by a decrease in WFPS and incomplete denitrification. Overall, there was not enough
evidence to suggest that pasture soil receiving urine or manure from ruminants fed an alfalfa
silage diet modified with 9 to 27% lablab legume will reduce gaseous N losses. Different diet
supplementation strategies should be tested such as the direct addition of a tannin or
polyphenolic extract to a diet rather than the plant form, varying concentrations of polyphenolic
91

compounds, and use of different types of polyphenolic compounds. More research should be
performed in order to fully understand the effects of polyphenolic compounds added to ruminant
diets on manure and urine N and the subsequent gas emissions as well as on leaching of N and
other nutrients through the soil profile.
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Tables and figures
Table 1. Treatment composition with animal dietary treatment based on dry weight of forage that
produced the urine and manure slurry used in the soil application treatments.
Dietary treatment
Control

Alfalfa
(%)
100%

Lablab
(%)
0%

Low

91%

9%

Medium

82%

18%

High

73%

27%

Soil treatment (per plot)a
urine – 0%-LLb
manure – 0%-LL
urine – 9%-LL
manure – 9%-LL
urine – 18% -LL
manure – 18%-LL
urine – 27%-LL
manure – 27%-LL

NAc
urea
NA
water
a
The soil treatments were applied at a rate 50 g N m-2 except for the negative control that had no
N applied
b
Lablab (LL)
c
Not applicable as animal dietary treatments, only applied as soil treatment. Urea served as a
positive control and water was the negative control (applied at a rate of 4392 g water m-2)
Table 2. Average (± standard error) mass urine and feces, percent urine and fecal N from sheep
fed alfalfa-based diets with increasing supplementation of a polyphenolic containing legume
lablab.
Treatmenta

Total Mass
Urine N (%)
Total Mass
Feces N (%)
Urine (g)b
Feces (g)
0%-LL
8329 (848)a 2.59 (0.03)a
7555 (1145)a
1.42 (0.15)a
9%-LL
10259 (1642)a 2.58 (0.04)a
12094 (1252)a
1.30 (0.23)a
18%-LL
9887 (1963)a 2.44 (0.04)ab 11617 (725)a
1.23 (0.14)a
27%-LL
6676 (801)a 2.40 (0.02)b
7687 (1169)a
1.41 (0.13)a
a
See Table 1 for treatment designation descriptions
b
Values in a column followed by the same letter are not different (P > 0.05)
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Table 3. Average (± standard error) percent of applied N emitted as NH3-N or N2O-N from soil
in pasture plots following application of urine or manure from sheep fed a modified alfalfabased diet or a control. Total nitrogen applied equated to 50 g N m-2.
Treatmenta

Applied N Lost as NApplied N lost as
Total NH3-N Emitted
NH3 (%)
N2O-N (%)
Day 1 (%)
d
Negative control
NA
NA
21.1 (4.7)c
Urea
6.1 (2.38)c
1.53 (0.08)bc
44.9 (6.3)b
0%-LL Urine
16.8 (2.10)ab
2.88 (0.34)a
57.7 (2.8)ab
c
9%-LL Urine
16.7 (2.90)ab
1.79 (0.55)ab
59.7 (5.1)abc
c
18%-LL Urine
13.9 (2.18)bc
2.68 (0.20)ab
63.9 (5.0)abc
27%-LL Urine
17.7 (0.86)ab
1.94 (0.33)ab
58.8 (2.9)ab
0%-LL Manure
20.8 (0.41)abc
0.36 (0.08)cd
64.6 (3.2)abc
9%-LL Manure
21.4 (1.48)abc
0.33 (0.06)cd
75.0 (2.1)ac
bc
18%-LL Manure
23.9 (1.74)a
0.22 (0.05)d
72.7 (2.4)ac
27%-LL Manure
19.1 (1.30)ab
0.26 (0.05)d
72.6 (5.4)a
a
See Table 1 for treatment designation descriptions
b
Values in a column followed by the same letter are not different (P > 0.05)
c
n=3, n=4 if no letter indicating sample size
d
Not applicable
Table 4. Average (± standard error) soil pH and electrical conductivity (EC) collected from 0-5
cm on day 0 following soil treatment application, bulk density (Bd) in surface 0-5 cm of soil
extracted 94 days after application of urine or manure slurry from sheep fed a modified alfalfabased diet, urea, or a negative control in pasture plots (n=4).
Treatmenta
Soil pH
Soil EC (µS cm-1)
Bd (g cm-3)
b
Negative control
5.90 (0.11)ab
29.7 (1.0)b
1.47 (0.06)a
Urea
7.09 (0.29)a
191.7 (62.0)ab
1.44 (0.02)a
0%-LL Urine
6.99 (0.39)ab
435.4 (162.9)a
1.44 (0.07)a
9%-LL Urine
6.45 (0.31)ab
251.6 (123.6)ab
1.37 (0.06)ab
18%-LL Urine
6.48 (0.13)ab
174.3 (50.1)ab
1.50 (0.05)a
27%-LL Urine
6.48 (0.52)ab
295.9 (186.4)ab
1.42 (0.05)ab
0%-LL Manure
6.01 (0.07)ab
45.1 (3.9)b
1.38 (0.01)ab
9%-LL Manure
6.02 (0.12)ab
36.5 (4.9)b
1.22 (0.06)b
18%-LL Manure
5.96 (0.21)ab
29.5 (2.6)b
1.34 (0.02)ab
27%-LL Manure
5.77 (0.12)b
34.4 (5.0)b
1.38 (0.02)ab
a
See Table 1 for treatment designation descriptions
b
Values in a column followed by the same letter are not different (P > 0.05)
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Figure 1. Single plot diagram of each measuring component (resin core (not used in this study),
NH3 gas chamber, greenhouse gas (GHG) chamber), the diameter of each measuring
component, and the length and width of a plot. Each measuring component had 15 cm of
distance from the other measuring components and the metal border of the plot.

†

Figure 2. Plot treatment distribution for soil application experiments. Open and blue squares
represent negative control and urea application, respectively. Yellow squares represent urine
and brown squares represent manure from different dietary treatments fed sheep.
†See Table 1 for description of treatments.
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†

Figure 3(a). Average (± standard error) urine treatments, urea, and negative controls NH3-N
volatilization rates over 43 days from soil in pasture plots following application of urine from
sheep fed a modified alfalfa –based diet or a control.
Figure 3(b). Average (± standard error) manure treatments, urea, and negative control NH3-N
volatilization rates over 43 days from soil in pasture plots following application of manure from
sheep fed a modified alfalfa –based diet or a control.
†See Table 1 for description of treatments.
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†

Figure 4. Average (± standard error) day 1 NH3-N volatilized from soil in pasture plots
following application of urine or manure from sheep fed a modified alfalfa–based diet or a
control (n=4). Soil treatments followed by the same letter are not different (P > 0.05)
†See Table 1 for description of treatments.
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Figure 5. Linear regression of NH3-N volatilized through day 1 versus CO2-C emitted through
day 1 from soil in pasture plots following application of urine or manure from sheep fed a
modified alfalfa-based diet or a control (n = 40, slope = 0.143, R2 = 0.257, P < 0.001).
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†

Figure 6. Average (± standard error) total NH3-N emitted after 43 days from soil in pasture
plots following application of urine or manure from sheep fed a modified alfalfa–based diet or a
control. Soil treatments followed by the same letter are not different (P > 0.05)
†See Table 1 for description of treatments.
a

n=3, n=4 if no letter indicating sample size.
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†

Figure 7(a). Average (± standard error) urine treatments, urea, and negative control N2O-N
fluxes over 42 days from soil in pasture plots following application of urine from sheep fed a
modified alfalfa-based diet or a control (n = 4).
Figure 7(b). Average (± standard error) manure treatments, urea, and negative control N2O-N
fluxes over 42 days from soil in pasture plots following application manure from sheep fed a
modified alfalfa-based diet or a control (n = 4).
†See Table 1 for description of treatments.
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†

Figure 8(a). Average (± standard error) day 15 N2O-N fluxes from soil in pasture plots following
application of urine or manure from sheep fed a modified alfalfa-based diet or a control (n = 4).
Soil treatments followed by the same letter are not different (P > 0.05).
Figure 8(b). Average (± standard error) day 21 N2O-N fluxes from soil in pasture plots following
application of urine or manure from sheep fed a modified alfalfa-based diet or a control (n = 4).
Soil treatments followed by the same letter are not different (P > 0.05)
†See Table 1 for description of treatments.
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†

Figure 9. Average (± standard error) total N2O-N emissions after 42 days from soil in pasture
plots following application of urine or manure from sheep fed a modified alfalfa-based diet or a
control (n = 4). Soil treatments followed by the same letter are not different (P > 0.05)
†See Table 1 for description of treatments.
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†

Figure 10(a). Average (± standard error) urine treatments, urea, and negative control CO2-C
fluxes over 42 days from soil in pasture plots following application of urine from sheep fed a
modified alfalfa-based diet or a control (n = 3,4).
Figure 10(b). Average (± standard error) manure treatments, urea, and negative control CO2-C
fluxes over 42 days from soil in pasture plots following application manure from sheep fed a
modified alfalfa-based diet or a control (n = 3,4).
†See Table 1 for description of treatments.
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†

Figure 11. Average (± standard error) day 0 CO2-C fluxes from soil in pasture plots following
application of urine or manure from sheep fed a modified alfalfa-based diet or a control (n = 4).
Soil treatments followed by the same letter are not different (P > 0.05).
†See Table 1 for description of treatments.
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†

Figure 12. Average (± standard error) total CO2-C emissions per treatment over 42 days from
soil in pasture plots following application of urine or manure from sheep fed a modified alfalfabased diet or a control (n = 4). No statistical differences between any treatments (P > 0.05).
†See Table 1 for description of treatments.
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Figure 13. Linear regression of NH3-N volatilized through day 1 from soil in pasture plots
following application of urine or manure from sheep fed a modified alfalfa-based diet or a
control versus pH from 0-5 cm soil collected 10 hours after application of soil treatments
described in Table 1 (n = 40, slope = -1334.1, R2 = 0.076, P = 0.047).
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Figure 14(a). Average soil water-filled pore space (WFPS, 5-cm depth) over 42 days from
pasture plots following application of urine or manure from sheep fed a modified alfalfa-based
diet or a control (n = 36). Average only included values that were not different (P > 0.05).
Figure 14(b). Average soil temperature (5-cm depth) over 42 days from pasture plots following
application of urine or manure from sheep fed a modified alfalfa-based diet or a control (n = 8).
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Figure 15(a). Linear regression of N2O-N flux from soil in pasture plots following application of
urine or manure from sheep fed a modified alfalfa-based diet or a control versus WFPS at the 5
cm depth over 42 days (n = 480, slope = 0.018, R2 = 0.030, P < 0.001).
Figure 15(b). Linear regression of CO2-C flux from soil in pasture plots following application of
urine or manure from sheep fed a modified alfalfa-based diet or a control versus WFPS at the 5
cm depth over 42 days (n = 480, slope = -7.967, R2 = 0.014, P = 0.006).
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Figure 16(a). Linear regression of N2O-N flux from soil in pasture plots following application of
urine or manure from sheep fed a modified alfalfa-based diet or a control versus average daily
soil temperature (n = 480, slope = 0.063, R2 = 0.067, P < 0.001).
Figure 16(b). Linear regression of CO2-C flux from soil in pasture plots following application of
urine or manure from sheep fed a modified alfalfa-based diet or a control versus average daily
soil temperature (n = 480, slope = 45.554, R2 = 0.088, P < 0.001).
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CHAPTER V
Conclusions
There was no effect of diet supplementation of alfalfa with the high condensed tannin or
polyphenolic-compound-containing legumes sericea lespedeza and lablab on soil gas emissions
from pasture soil following application of ruminant excreta. Ammonia volatilization was a rapid
process, with the majority of total volatilization occurring within the first 3 days following soil
treatment application in both trials. In trial 1, urine and manure treatments lost similar amounts
of applied N as NH3, and three of the four manure treatments lost more applied N as NH3 than
the urea treatment. In trial 2, urea produced less total NH3 than all urine and manure treatments,
with the exception of 18%-LL urine. Nitrous oxide fluxes in both trials appeared to be controlled
more by a combination of WFPS and soil temperature, rather than the large amount of C and N
applied to soil. In trial 1, there was no difference among urine, manure, and urea treatments in
the percent of applied N lost as N2O. In trial 2 manure application to soil produced less
cumulative N2O than urea, but urea was found to produce the same amount of N2O as urine
treatments with the exception of 0%-LL urine. In both trials, there was an initial response in
biological activity, but the initial CO2 flux after surface applications of treatments was not
sustained over the 42-d trials. The N losses as N2O and NH3 were similar to other reported values
in the literature, but were lower for reported urea losses. Overall, there was not enough evidence
to suggest that pasture soil receiving urine or manure from ruminants fed an alfalfa silage diet
modified with 9 to 27% sericea lespedeza or lablab legume will reduce gaseous N losses. Further
investigation into the leaching of N and other nutrients, soil physical properties such as soil
structure, and microbial communities may reveal unexpected benefits from applying excreta
from ruminant fed supplemented diets to pasture soil. More studies using different types of
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polyphenolic compounds and forms (plant-available versus extracted) should be performed in
order to determine the effect of supplementation on N metabolism in the animals and gas
emissions from subsequent excreta application to soil.
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